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Preface
Well, after all the hard work the thesis seems to be completed. Now it is time to 
briefly give my impression about the most bright moments during my PhD and of 
course to  thank the people, who helped me with my research and life during these 
years. In the first place it was necessary to get to Nijmegen - here are my sincerest 
thanks to Theo and my former supervisors in Russia, who helped me a lot in the 
very beginning of my scientific activity. The opportunity to start doing fascinating 
research does not always necessary mean success and obtaining fascinating results. 
The first one and a half years of my PhD were definitely the most difficult. Tough 
experience might be very useful sometimes - during this period me and Fred have 
been actively cheering up each other and learned a lot from Theo and Grzegorz about 
how to remain optimistic and push the work further even if you seem to get into a 
continues flow of problems.
However, everything happens for the best, and one beautiful day Alexey intro­
duced me to Wim. From the very first moment, I realized tha t we are made to  work 
together. Wim immediately made me enthusiastic about coherent control and I dis­
covered for myself a really interesting and beautiful scientific field. During the first 
steps of getting into a new subject for me, Wim and Afric eagerly answered all my 
questions - in a very proper way - after getting an answer for one question I was 
left with two new arising in my head. I really appreciate tha t our discussions were 
actually much more than regular scientific meetings suppose to be. Thanks for all 
your patience, time, and enthusiasm, guys!
Probably the best time throughout my PhD was when I began learning the ex­
perimental techniques of coherent control and pulse shaper. I was too curious about 
new techniques and physics, tha t started to follow the trend of ”just one more run” 
- as a result followed the shifting of ”lunch time” . The close collaboration with the 
neighboring group has actually made me a PhD student of two groups with equal 
rights and responsibilities. For example, it became a tradition to give presentations
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in the group seminars in both groups. W hat I really enjoyed was how we managed 
with our last experiment involving velocity map imaging. It worked out really great! 
After all, I can definitely tell tha t I was very lucky of having a chance to work with 
such nice people as Andre E., Afric, Dave, Leo, and, of course, Wim. Thank you a 
lot!
Yes, I should be fair to  my own group! Of course, I received an immense help 
here. I would like to thank again Theo for all support tha t I received, also for his 
encouraging optimistic view on life and science, and, of course, for many hours spent 
on improving my presentation and scientific writing skills. I really appreciate it.
The contribution to my development of my other advisors - Alexey and Andrei - 
is simply too extensive to regularly describe here: starting from teaching me magne- 
tooptics and coming to improving my paper writing. I will try  to express the most 
bright associations related to my education by you, guys. Alexey - master of strong 
scientific ideas and strong presentation. Andrei - master of immediate generation of 
ideas for improving and setting up any experiment, always accurate and precise in 
analysis and interpretation. I ’m very grateful for all your efforts you made to teach 
me how to do good science. Thank you a lot.
Any complicated laser system is just a pile of optical stuff if not handled properly. 
Albert, thank you a lot for teaching me being patient and accurate when working with 
optical setups. My expertise in optics still can not compare with yours, but I learned 
really a lot from you. Especially, your help with the first experiment on two-photon 
excitation was very im portant for me; it helped me to obtain the most interesting 
results. Nederlands oefening would be also an unforgettable experience (my thanks 
also to Tonnie). Afterwards, I really started to make some attem pts to speak Dutch.
My support in the lab could not be complete without Tonnie. Thank you for 
always being kind and willing to help. Interestingly, but after I was asking you for 
some mechanical device or component, you always made it better than I initially 
wanted it to be. Thank you again for all your help.
I ’m very grateful to  Andre van R. for his extremely fast, operative and efficient 
help with the experiment on VMI. Here are also my thanks to  Cor.
My sincerest thanks to  Jan V. for his help in teaching me how to operate with the 
pulse shaper.
Also thanks to Jan H., Jan G., and Joris P for their help during the beginning of 
my PhD.
Marilou, you probably could not help me in the lab, but you saved me many times 
from being frustrated about all imaginable paper work. It was (and is) very good to 
drop by in your office for a nice chat. Here are also my regards to  Riki, Marie-Louise, 
Magda and Erna. My regards to Oleg S., Ilie R., Michael G. (FELBE), Pieter van 
der M, Elena M.
Very special greetings to  Roman Kh., who introduced me to Nijmegen’s night life.
I was also very lucky with my roommates. It was always possible to get a break
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from the computer and discuss some urgent and interesting topic with my colleagues. 
Thanks to Michiel, Elena, Daniel, Minko, Joost, Dennis, Boldizard, Jonas, Wei-Ta, 
R aja G. Thanks to Chris for providing computer help and Serhiy V. for political 
disputes. I was very much enjoying conversations with Johan de J.
Of course, I would like to thank all other people, with whom I had to share one 
optical setup or a nice dinner, or simply had fun: Raja M., Addis (systematic man), 
Sergey S. and Anna, Serhiy L., Kadir, Tahoora, Sasha K., Ilya, Evgeniy, Asha, Matteo 
and Laura, Jan K., Loic., Duncan, Weizhe, Johan M., Benny, Sam, Mathieu, Davide, 
Diana, Bas, Tomas, Lucian, Marina, Roman S., Stevan, Jing, Alex, Siebe, Jeroen, 
Lars.
And people from other groups: Zahid (strategic man), Niki, Chandan, Denis A., 
Denis M., Devasana, Bhawana, Mikhail A., Katja, Alexandr, Sergey, Frans H., Frans 
S., Frans W., Rienk, Ruurd, Arjan, Dennis G., Zhichao, Simona, Elena Cr., Julien, 
Ashim, Gautam, Bin, Chung, Raymund.
Finally, I would like to  thank all my family members and friends for their support.
Dmitry Malik 
Nijmegen, Oktober 2011.
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Chapter A______
1.1 Introduction
Optical methods have been proven to provide one of the most efficient and versatile 
solutions for the problem of controlling the state of m atter at ultrafast time-scales. 
Ultrafast means control during and after the action of a femtosecond laser pulse, 
namely on a femto- and pico-second time-scale. Optical methods of control are es­
pecially im portant in view of the constantly growing demand for higher operational 
speeds of devices [1-3].
One of the fundamental and im portant areas in life and physics, where fast control 
over the state of m atter is required, is the information processing technology. Con­
ventionally information is represented via sets of bits; each bit possessing two possible 
states, 0 or 1. In devices these states can be realized by using a fundamental property 
of matter: electron spin - an internal degree of freedom, tha t is classically understood 
as the direction of the intrinsic angular momentum of the electron. If the spins of all 
electrons in the system are aligned along one direction, this can be interpreted as a 
single state (0 or 1). In devices, 0 or 1 states are created by aligning the spins in dif­
ferent directions. For, example, in conventional magnetic recording, the alignment is 
performed by applying an external magnetic field. It is clear, however, tha t ultrafast 
control over spin states in m atter requires faster techniques. Using femtosecond laser 
pulses is one of the most promising approaches for spin manipulation on an ultrafast 
time-scale.
How can laser light be used to manipulate the electron spin? It is generally 
assumed tha t in the visible spectral range the optical properties of a medium are 
dominated by the interaction of the electric component of light with the electric 
dipoles in the medium. In such an electric dipole approximation, the action of the
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light does not change directly the spin state in the system, but can only affect the 
orbital angular momentum of the electrons. A change of the spin state of electrons 
is possible due to another fundamental property of m atter. Due to the spin-orbit 
interaction the electron spin and the orbital angular momentum are coupled to each 
other. Hence, any action of the light can change the spin state indirectly only via a 
change of the orbital momentum. For an effective control of spins with light, it is first 
necessary to understand the fundamental basis of the interaction of light with m atter 
and particularly the control of the orbital angular momentum by light.
Some fundamental principles of the control of orbital angular momentum and 
spin by light were established way back in the beginning of the previous century. The 
manipulation of the spin state by light was discovered by Wood and Ellet [4] and by 
Hanle [5] in 1924. In the early 1950’s the general principles of the spin orientation in 
atoms were established by Kastler [6], still before the realization of the first laser. Since 
then the methods of optical alignment of atoms under the illumination of continuous 
light have been well developed and the physics of orbital and spin alignment was well 
understood.
During the last years a great progress has been made in controlling the magnetic 
state in much more complicated solid-state systems by using ultrashort laser pulses [3]. 
Despite the clear progress in controlling the magnetic state of m atter, the presented 
analysis of the physics of spin dynamics mostly concerns rather long time-scales of 
the interaction, much longer than the laser pulse duration. In those efforts a lot of 
progress has been made in understanding the influence of various relaxation processes 
on the spin dynamics [7]. It is clear, however, tha t the understanding of the excitation 
dynamics during the action of the laser pulse is far from complete [8]. The mechanisms 
of control of the orbital angular momentum by laser light on ultrashort time-scales 
are still unexplored. In this thesis we address this problem and study the mechanisms 
of control of the angular momentum in atoms. The latter are ideal model systems to 
study the mechanisms of light-matter interaction and ultrafast coherence-mediated 
phenomena. The principle difference with the studies of the optical orientation under 
illumination of continuous light, tha t have been done long time ago, is the intrinsic 
presence of coherence of the radiation in the laser pulses. Throughout the thesis we 
will have to address the phenomena of the interaction related to the coherence of the 
excitation field. These phenomena can significantly affect the excitation process and 
can be extremely useful both for the study of the interaction as well as for the effective 
control of the outcome of the interaction.
1.2 O ptical orientation
Before we will come to the phenomena of optical orientation we have to discuss the 
general principles of the interaction of light with m atter. The interaction of light with 
m atter obeys two fundamental laws: the conservation of energy and the conservation
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of angular momentum. The term  ’’energy” can be understood in two aspects, con­
nected to the nature of light radiation. In the first aspect the energy can be classically 
understood using the concept of the power or intensity of the radiation. Quantum- 
mechanically the energy is related to the number of photons (energy quanta) in the 
light. Due to the conservation of energy the number of photons emitted (absorbed) 
by the system is equal to the total number of optical transitions taking place during 
the interaction. The second aspect is related to the wavelength or frequency of the 
radiation, where the radiation energy is proportional to the radiation frequency and 
defined as hw, where h is the reduced P lank’s constant. The frequency of the radia­
tion is related to the property of the radiating medium (for example, atoms in a gas) 
of having a discrete energy level structure. The discrete nature of the interaction of 
light with atoms and atomic-like systems can manifest itself as absorption of a narrow 
frequency line or a set of frequencies coinciding with the atomic transition frequen­
cies from a spectrally broad light source. Both aspects of the light energy (power 
and frequency spectrum of the light) are im portant in describing the light-matter 
interaction.
In the beginning of the previous century it was discovered tha t light can transfer 
orbital momentum to the system [9]. The photon is a spin 1 particle and angular mo­
mentum of h or - h ,  corresponding to left- or right-handed circularly polarized light 
respectively, can be assigned to it. Linearly polarized light has angular momentum 
of 0. The first experimental evidence of the fact tha t light carries angular momen­
tum  was obtained by Beth in 1935-1936 [9], by measuring the torque produced by 
circularly polarized light with a torsion pendulum. In his work from 1936 [10] he also 
summarized the theoretical description of this effect, both in the frame of electro­
magnetic field theory, following predictions of Sadowski and Epstein, and a quantum 
theory model.
Just like the light can transfer its momentum to a macroscopic object, it can also 
’ ro tate” or ’ orient” atoms, respectively, to a defined direction. The conservation of 
angular momentum manifests itself as emission (absorption) of the circularly polarized 
photon by atoms in transitions where the state changes in angular momentum by 1 
unit of Planck’s constant. In a quantum-mechanical picture this can be described via 
a redistribution of atoms among their fine- or hyper fine structure levels.
The process of optical orientation can be best understood on the example of alkali 
atoms. The energy level scheme of a typical alkali atom is shown in Fig. 1.1 for 
Sodium, following [11]. For simplicity we do not consider coupling with the nuclear 
spin and draw the level structure as if the nuclear spin is 0. While the atom remains 
in the ground s- state the electron has no orbital angular momentum and the total 
angular momentum of the system is determined by the electron spin, th a t can take 
the values 1 /2  or - 1 /2  in the direction parallel or antiparallel, respectively, to the 
quantization axis (given, for example, by an external magnetic field). Under the action 
of resonant radiation the transition from the ground state to a p- level is induced,
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Figure 1.1: Scheme of optical pumping in Sodium in an external magnetic field, 
following [11]. The atoms are excited with circularly polarized light. The spontaneous 
emission is indicated with dashed lines. After many excitation events the population 
in the ground state is transferred to the m J = 1 /2  state.
which has one unit of orbital angular momentum. Due to the spin-orbit interaction 
and shielding effects by lower-level electrons, the p- level is split into two levels with 
respect to the orientation of the electron spin to  its orbital motion. The total angular 
momentum J can therefore take the values of 3/2 or 1/2. The component of the total 
angular momentum along the direction of the magnetic field is represented by the 
m j  number. The m-sublevels are shown slightly split in energy in the presence of a 
magnetic field.
When the atoms are excited with right-handed circularly polarized light, tran­
sitions, indicated with the solid lines (see Fig. 1.1) are induced. All the possible 
excitation paths involve an increase of one unit of angular momentum. During spon­
taneous emission the orbital angular momentum can be changed by 1, -1, or 0. The 
possible de-excitation paths are shown with the dashed lines. In the process of optical 
orientation each excitation event transfers population from the lower m j -state either 
back to the same m j -state or to a higher state. When the process is repeated many 
times, the level with the higher m J - quantum  number will be preferentially occupied. 
This picture is symmetric and analogously pumping of the m J = -1 /2  level can be 
achieved by using the opposite circular polarization.
In short, the experimental principles used for creation of optical orientation can be 
described according to  [11]. A beam of sodium is produced from an oven in a vacuum
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Figure 1.2: Scheme of the experimental arrangement of optical pumping. A beam of 
sodium is produced from an oven in a vacuum system and illuminated with circularly 
polarized light (sodium D light), focused in the beam along the direction of a weak 
magnetic field. The ratio of j + /n  polarization characterizes the degree of orientation.
system and illuminated with circularly polarized light (sodium D light), focused in the 
beam along the direction of a weak magnetic field. One of the ways to characterize 
the degree of atomic alignment is to  measure the polarization of the light emitted 
at a right angle to  the excitation light beam, as shown schematically in Fig. 1.2. 
The intensity of the projection of j + light on the analyzer in the vertical direction 
is compared to the intensity of the n  polarized light. A high degree of alignment is 
achieved when the light emitted is primarily circularly polarized and the ratio j + / n  
is increased.
One of the major areas of the application of optical orientation included experi­
ments on detection of radio-frequency resonances, in contrast to the standard NMR 
techniques th a t probe resonances in the ground state. These measurements provide 
unique information about the fine and hyperfine structure of atoms and magnetic 
moments of excited states [11]. Also the technique led to the development of atomic 
clocks and magnetometers with high precision. Currently optical orientation is used 
in astrophysical studies to measure extremely weak magnetic fields [12]. Using the 
technique of optical orientation, polarized atoms, nuclei and electrons can be created.
The principles of the detection of radio-frequency resonances are briefly illustrated 
in Fig. 1.3, using the example of the excitation of the 6pi level in mercury by n- 
polarized light with polarization oriented along the magnetic field [6]. The selection 
rules imply tha t if the system is excited by n-polarized light, then only the m = 0  level is 
excited and the emitted light contains only n-polarized radiation. If a radio-frequency 
B-field is applied (perpendicular to the external magnetic field), then transitions to the
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Figure 1.3: Illustration of the principle of detection of radio-frequency resonance fol­
lowing [6]. The 6 3p i level in mercury is excited by n-polarized light with polarization 
oriented along the magnetic field. Radio-frequency field (perpendicular to the mag­
netic field) excites transitions to the m  = 1  and m  =  —1 levels, as indicated with 
dotted lines, changing the j + / n  polarization ratio in the emitted light.
m  = 1  and m  =  —1 levels are excited, as shown in Fig. 1.3 with the dotted line. The 
radio-frequency transitions induce j  polarization in the emitted light. The resonances 
can be detected by measuring the polarization of the em itted light: the induced j  
component changes the ratio of j / n  polarization. Other variations of measurements of 
radio-frequency resonances include first creation of a nonequilibrium spin polarization 
in the ground or excited state by optical pumping and afterwards application of a 
radio-frequency field, tha t disorients the atoms and brings the populations in magnetic 
sublevels in equilibrium.
1.3 Control of optical orientation  - towards coher­
ent control of angular m om entum  transfer
In the early studies of optical orientation it was already shown tha t by modifying the 
properties of the excitation light it is possible to  achieve a higher degree of orientation 
and obtain better control over the polarization state of atoms. The conventional 
limitation, of using an atomic beam in a vacuum setup to produce a high degree of 
polarization, was tha t the atoms are not exposed to the radiation for a long enough 
time. The solution to this problem, found by the groups of Kastler and Dicke [13, 14],
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was to use a buffer nonmagnetic gas (noble gas or H2, N2) to prevent the atoms from 
diffusing fast from the light beam without disturbing the polarization due to collisions. 
The use of a buffer gas has helped to increase the time, during which the atoms can 
interact with light, and enhance the degree of orientation.
However, another problem of using too high gas pressures has occurred. Collisions 
with the buffer gas do not significantly affect the orientation of the atoms in the 
ground s- state, but can easily disorient the momentum of atoms in the p- state. This 
prohibited the use of buffer gases of too high pressure and limited the latter to  one 
atmosphere.
Dehmelt [15] found an alternative way to  further enhance optical pumping. His 
approach allowed to  conserve the oriented atoms in their ground state, and avoid the 
excitation of already oriented atoms back to the excited state, where they could get 
disoriented due to  collisions with the buffer gas. He employed the idea of allowing the 
excitation of only one transition - the D1 line - and suppressing the excitation of the 
D2 line. In this case, the only possible excitation path is from the ground m j  =  -1/2 
level to m J =  1/2 in the p1/2 state (Fig. 1.1). The use of only this excitation path 
during optical orientation implies tha t the excitation probability from the ground m J 
=  1 /2  level is zero, when atoms are excited by right-handed circularly polarized light. 
This ensures tha t the population is not transferred back from the ground m J = 1 /2  
level. The conservation of the population in the ground m J =  1/2 state ensures that 
the whole population is gradually accumulated in this state.
To achieve the selectivity of the excitation paths, the spectral properties of the 
light had to be modified. This was done by passing the light through an additional 
cell with sodium vapor placed in a magnetic field of a few kGauss. This reduced 
the intensity of the D2 line in the light after passing through the cell. The splitting 
of the D1 line in a magnetic field is twice larger than  the splitting of the D2 line, 
which ensures th a t the light of the D1 line passes through the filter cell without being 
absorbed, while the splitting in the D2 line is not wide enough to pass the D2 light.
In this example the enhancement of the degree of optical alignment was achieved 
by using the selectivity among different excitation paths. This is one of the fun­
damental principles tha t is applied in contemporary coherent control experiments. 
This principle employs the suppression of the excitation paths th a t do not lead to  a 
favorable outcome and compete with the excitation paths tha t bring the system to 
the desired state. During the optical orientation by incoherent light, selectivity was 
achieved by applying an absorption filter to  remove the frequency components from 
the light tha t can excite the unfavorable transition (D2 line). However, during the 
interaction with broadband coherent radiation, the simple picture of using absorp­
tion filter for selective excitation is no longer valid. Subtle effects can arise when the 
system is excited by laser pulses with absorbed frequencies - the so-called absorption­
shaped pulses. During the interaction of absorption-shaped laser pulses with atomic 
systems, various effects should be considered, for example, formation of 0n pulses, or
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Figure 1.4: Excitation scheme in a QD following [24]. (a) The level structure at zero 
magnetic field. (b) The states of the electron spin in a magnetic field are (| T) + 1 j } ) /2  
and (| T) — | j } ) /2  and provide coupling between the | T) and | j) via the trion state.
the effects of the induced pre- (post) transients in the pulse on the excitation efficiency 
[16-21]. Control of the interaction with absorption-shaped laser pulses realized with 
the use of a programmable pulse shaper was demonstrated in [21].
1.4 The problem  of the angular m om entum  transfer  
in ultrafast control o f spins
During the last two decades the interest in spin-dependent phenomena has been con­
tinuously growing, fueled by its potential applications in the information processing 
technology and quantum  computing. Among the most intensively studied spin sys­
tems are quantum  dots (QD) and magnetic materials. The most remarkable property 
of quantum  dots is their atomic-like structure of the energy levels. While the discrete 
levels of atoms transform into an energy band in a crystal, the dimensional quan­
tization of charge carriers transforms the bands back into a discrete level structure. 
In contrast to atoms, the energy spectrum in quantum  dots is possible to adjust by 
changing its geometric properties. Optical orientation is the most effective method 
of creating a nonequilibrium spin distribution. The first observation of optical ori­
entation of spins in a semiconductor was done by Lampel in 1968 [22] and later the 
orientation of excitons was observed by Gross [23]. Originally the optical orientation 
was applied for the characterization of the parameters of the relaxation processes. 
During the last 15 years the optical orientation in semiconductor nanostructures was 
extensively used for the manipulation of the spin degree of freedom.
The main principles of optical orientation in atoms discussed above remain appli­
cable to  the ultrafast control of spins. The mechanisms of optical orientation were 
understood long time ago. However, in the studies of ultrafast control of spin sys­
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tems by laser pulses, the coherence of the laser radiation and the spin system gives 
rise to  a variety of new phenomena and has allowed for the development of different 
approaches to spin manipulation. New control mechanisms to  coherently manipulate 
the interaction with the spin systems are currently been investigated.
Further we discuss the main principles of coherent control of spins by optical laser 
pulses on an example of a QD. In a QD usually the nonequilibrium spins are created 
with a circularly polarized laser pulse. The laser pulse drives the spin system out 
of equilibrium and induces a spin precession around an external magnetic field. In 
a quantum-mechanical description, the action of the laser pulse creates a coherent 
superposition of the basis spin states, defined by an applied magnetic field. In most 
cases, the energy level structure of the excited system corresponds to  a A system. 
In this case the excitation can be described via stimulated Raman transitions. An 
external magnetic field is applied to  induce the splitting between the two ground 
sublevels.
Normally, the control over spin states is achieved by following the phase, ampli­
tude, and location of the electronic spin precession. For this purpose another laser 
pulse can be applied, tha t changes the precession dynamics. For example, in [25] 
the second laser pulse is used to induce momentary Stark splitting in the ground 
state tha t affects the precession dynamics. Some schemes have been employed where 
control of spin precession was performed by using radio-frequency pulses [26].
To illustrate a typical excitation scheme in a QD we follow the example of ref.
[24]. In Fig. 1.4(a) the level structure of a singly charged QD at zero field is shown. 
The scheme comprises two degenerate two-level systems consisting of one electron 
spin in the ground state and one excited trion state. The total angular momentum 
projections (along the sample growth axis) of the spin in the ground state are +— 1/ 2. 
The angular momentum in the excited trion state is determined by the heavy hole 
spin and is equal to +—  3/2. The selection rules for the angular momentum prohibit 
the optical coupling between the two ground spin states. In the presence of a magnetic 
field indirect coupling is enabled. The magnetic field oriented in the sample plane 
produces two new eigenstates in the ground state, as shown in Fig. 1.4(b). The new 
states of the electron spin are (| T) +  | j } ) / 2  and (| T) — | j})/2 , parallel or antiparallel 
to  the direction of the magnetic field respectively. The trion states are not affected 
by the magnetic field. As indicated in Fig. 1.4(b), the spin ground states become 
optically coupled via the trion state by the a+  (or analogously by a - ) optical field. 
The a+  laser pulse induces spin precession around the applied magnetic field and the 
period of the spin precession is determined by the energy difference between the two 
splitted states in the ground level.
In the studies of optical spin manipulation in semiconductor nanostructures, op­
tical orientation is used to induce a nonequilibrium spin polarization. The transfer of 
the orbital angular momentum from laser light to  a system is a crucial issue in the 
control of spins. The mechanisms of control of spin dynamics are usually related to
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the spin precession. In these studies a lot of progress has been made in understanding 
the relaxation dynamics [27, 28]. However, ultrafast dynamics of orbital and spin 
degrees of freedom during ultrafast laser excitation has not been studied in detail yet.
The approaches to  manipulate the spins in solid state systems are often limited 
to  a single pulse or a few-pulse control schemes. The complications arising due to the 
presence of translational symmetry and relaxation processes make it difficult to fully 
exploit the coherence of the interaction for the efficient control of spins. Meanwhile, 
the coherence of the light and the system, even on relatively short time scale, provides 
almost unlimited possibilities to manipulate the outcome of the interaction. The main 
scope of this thesis is the control of the orbital angular momentum transfer in a model 
system of Rubidium vapor. Here we focus on the coherence-mediated mechanisms of 
angular momentum transfer between the light and the system. As a main tool of the 
study we exploit the technique of ultrafast pulse shaping of coherent control.
1.5 The scope o f th is thesis
Explicitly, the focus of our study is the interference-related phenomena of the light- 
m atter interaction, th a t are studied by using the techniques of coherent control. In 
Chapter 2 we describe the general principles of coherent control and focus in more 
detail on the interaction of the laser pulse with a two- and three-level atomic system.
For the study of the coherence-mediated mechanisms of the angular momentum 
transfer, we take an ideal quantum-mechanical system, namely atomic rubidium. The 
transfer of the angular momentum from light to rubidium is explored both asymp­
totically (after the action of the laser pulse) as well as dynamically. The energy level 
scheme of rubidium, principles of the work of the pulse shaper, and description of 
the calculations are presented in Chapter 3. For the study of the asymptotic and dy­
namical properties of the interaction we have used two different experimental setups, 
which are described separately in Chapters 3 and 4, respectively.
Our first experiment in Chapter 3 aimed to  study the final orbital angular mo­
mentum in rubidium after a two-photon excitation, involving a real intermediate state 
(three-level system). Intriguing phenomena were observed after the excitation by the 
laser pulses, when phases and polarization states of individual excitation frequencies 
were modified. The experiments clearly demonstrate tha t the interference among 
different excitation paths in the system dramatically affects the final orbital angular 
momentum state in rubidium and can be effectively controlled. It was found, that 
even in the case when the total angular momentum of the excitation pulse is zero, it 
might still be possible to create a net final orbital angular momentum in the system.
Further insight into the transfer of angular momentum has been gained in the 
studies of the time evolution of the angular momentum during the excitation, that 
are presented in Chapter 4. Using the one-photon transition in rubidium we have ob­
served the real time dynamics of the angular momentum under the action of a shaped
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laser pulse. While in the previous experiment angular momentum in the final state 
was characterized by observing fluorescence, in this experiment we have measured the 
photoelectron angular distribution to  reconstruct the electronic wavefunction in the 
excited state. Our studies have revealed th a t angular momentum exhibits a complex 
evolution, that is not obviously expected for the one-photon excitation. The results 
have demonstrated tha t the spectral properties of the excitation pulse play a sig­
nificant role in the transfer of the angular momentum, even though the system was 
excited via a one-photon resonant process.
Control of the interaction becomes ambiguous when high laser intensities are used, 
which is often the case in real applications. The search of simple approaches for control 
of population transfer and interpretation of results is the scope of Chapter 5. We 
demonstrate population transfer up to  100% in a two-photon excitation in rubidium 
using the simplest possible adaptations to  the pulse. A simple phenomenological 
model of the phase match provides insight into the excitation and agrees well with 
the experimental results.
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Coherent control
Chapter __________
2.1 Introduction
In this section we would like to discuss the more general principles of coherent control 
and control approaches, tha t can provide both a really powerful tool to manipulate 
the interaction as well as an instrument to study various interaction phenomena.
When a quantum-mechanical system is subject to excitation by coherent radiation, 
the coherence among excited states can lead to various interference phenomena. These 
interference phenomena can affect the temporal evolution of the system and the final 
distribution of the populations among states. While making the excitation dynamics 
rather complex and i t ’s understanding more difficult, these interference phenomena 
make it possible to  coherently control the interaction in a desired way. The general 
problem tha t is studied in the field of coherent control is to  explore the mechanisms, 
responsible for the complex evolution of the system, and to optimize the interaction 
in a desired way by utilizing coherence of the system and the excitation field.
During the interaction of a laser pulse with any quantum-mechanical system there 
exist many excitation pathways th a t lead to a certain final state. The term  ’’excita­
tion pathway” in general comprises not only a transition between two states, but as 
well distinguishes between resonant and off-resonant excitation. This is illustrated in 
Fig. 2.1. Panel (a) shows how the final level is excited via two pathways, connecting it 
with different states. Panel (b) illustrates the excitation of the final level via resonant 
and multiple off-resonant pathways.
Conventionally, the mechanisms of coherent control of the interaction are described 
in terms of the interference among excitation pathways and selectivity among path­
ways. The enhancement of the degree of optical alignment in Sodium, discussed in 
Chapter 1, illustrates the example of using selectivity among the D1 and D2 lines,
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Figure 2.1: Illustration of the excitation via multiple pathways. (a) Two pathways 
from different levels lead to the final level. (b) The final level is reached via excitation 
by resonant and off-resonant pathways. (c) Orthogonal pathways lead to states with 
opposite orbital angular momentum.
even though the excitation was not coherent. More generally, selectivity supposes the 
possibility to address a specific transition (pathway) in the excitation ladder. The 
concept of the control of interference implies creation of either constructive interfer­
ence between different excitation paths, leading to the same final state, or destructive 
interference. In the first case the overall excitation probability would be enhanced, 
while in the case of destructive interference it will be reduced or completely dimin­
ished. The example of the latter case is the excitation by so-called dark pulses: while 
resonant photons are presented in the pulse, the final transition probability can be 
zero [1].
During the excitation of a system many photons are always involved in the in­
teraction. Even for the two-level system it is possible to affect the excitation via 
controlling the interference between resonant and off-resonant paths [2, 3]. The con­
trol of the interaction requires coherent manipulation of the degrees of freedom of the 
photons/frequencies participating in the excitation. The three standard degrees of 
freedom are phase, polarization and amplitude (intensity). Tuning of the phase be­
tween different frequencies affects the interference among paths involved, while chang­
ing the amplitude affects the excitation probability. Control of polarization provides 
selectivity among orthogonal paths, which connect the levels in the system tha t can 
only be reached by light of different polarization states. In Fig. 2.1 (c) orthogonal 
paths are illustrated, which connect ground level with two orthogonal states. The or­
thogonal transitions are also those transitions in which the orbital angular momentum 
is changing by + 1  or - 1 .
2.2 P ulse shaping
The coherence of the light in the laser pulse allows for control of the excitation process 
by changing the properties of the laser pulse. The ultrashort laser pulses of the 
order of 10 - 100 fs have an energy bandwidth of a few tens of m e V , which is wide
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Figure 2.2: Illustration of the principle of pulse shaping. The laser pulse is spatially 
dispersed and individual frequencies are passing a spatial light modulator at different 
positions. In such a way independent control over the phase (and/or polarization 
or amplitude) of individual frequencies is obtained. The changed frequencies are 
reconstructed back into a shaped pulse. (Courtesy of T. Baumert.)
enough to cover a broad range of transitions in a multiple-pathway excitation ladder 
(for example, multi-photon excitations, excitation of two spin-orbit states or Raman 
transitions). During the action of an ultrashort laser pulse all allowed transitions 
within the laser pulse bandwidth are excited simultaneously and coherently. The 
coherence among the excited states implies tha t if, in some way, it is possible to affect 
the excitation to one of the states, all the other states tha t are coupled to this state 
would be also affected. Because all the levels in the excitation ladder are coupled to 
each other (via the laser field), it is quite a challenging task to modify the laser pulse 
field in order to optimize the interaction in a desired way.
Coherent change of the laser field in an ultrashort laser pulse can be performed 
using different approaches. In principle, it is possible to change the field directly, 
for example, by passing the pulse through an absorption filter, or electro-optical 
modulator, or by using a sequence of laser pulses shifted in phase [4]. The main 
advantage of operating with the pulses in the time-domain is tha t it is possible to 
achieve extremely high accuracy of the time difference between the two pulses and 
also precisely control the phase difference between the fields. Also the physical insight 
in the excitation process can be done in terms of the action of the ”pump” pulse and 
"control” pulse [5]. While the two-pulse experiments are typically used in the studies 
of control of spins in semiconductor nanostructures, in many other coherent control
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studies the most widely used approach is to change the laser pulse indirectly, by 
modifying its spectrum. This is conventionally done with a pulse shaper. The laser 
pulse is spatially dispersed in the shaper, in such a way tha t different frequencies can 
be manipulated independently in phase, amplitude or polarization, and afterwards 
the modified spectrum is reconstructed into a new pulse. In Fig. 2.2 is illustrated the 
principle of a pulse shaping technique. Examples of different design types of pulse 
shapers based on an optical Fourier transformation can be found in [6]. Pulse shaping 
in the spectral domain is directly projected into the time-domain. Recently, it has 
been shown, tha t using a conventional pulse shaper i t ’s possible to achieve extremely 
high accuracy (in the order of 0.1 as) in controlling the phase in a two pulse experiment
[7].
Modifying the spectrum with the pulse shaper can provide basically an unlimited 
number of possible variations of the pulse shapes without adaptations of the setup, 
th a t can not be easily arranged with the other techniques. This is one of the main 
advantages of using the pulse shaper. Simultaneous change of the phases, amplitudes 
and polarization state of individual frequencies creates almost infinite possibilities 
for the manipulation of the interaction. This also makes possible the use of self­
learning algorithms with experimental feedback in the search of the optimal pulse 
shape (adaptive pulse shaping) [8]. The use of a learning algorithm has proved to be 
effective, especially in control of complex systems [9]. The problem in such control 
experiments is the interpretation of the optimal pulse shapes and understanding of 
the underlying control mechanisms [10]. An approach to distinguish between control 
mechanisms using adaptive pulse shaping has been demonstrated in [11].
An advantage of modifying the pulses in the frequency domain is the possibility 
of straightforward experimental realization of a theoretically optimum pulse, if the 
interaction can be described in the frequency domain. This is generally the case of a 
multi-photon excitation in the weak-field limit, although some approaches have been 
also developed for the high-intensity regime [12-14]. Remaining solely in the time­
domain it is hardly possible to predict the optimized pulse shape, unless calculating 
the interaction for a large space of fields. The frequency picture can give either an 
exact solution in the perturbative limit [1, 15] or at least narrow the parameter space 
and give insight into the excitation process in strong fields [12]. The biggest limitation 
of using the pulse shaper is its relatively low spectral resolution th a t is normally in 
the order of 0.1 nm (0.2 m e V ) [16, 17].
2.3 T w o-level system
The possibilities to manipulate the interaction of light with a two-level system are 
limited within the time gap, when the system interacts with the radiation. This is 
true for the low-intensity limit, when the interaction can be described by perturbation 
theory. This is the case of transient control, when the excitation dynamics can be
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affected, but the final outcome is not changed by the modifications in the pulse. 
Consider a two-level system excited by an ultrashort laser pulse. Then the probability 
amplitude for the excited state is given by [18]:
where ^ f g is the dipole moment m atrix element, hw0 is transition energy. At times 
after the pulse the integral will result in the Fourier component of the laser field at 
the resonant frequency w0. Hence the one-photon transition probability is determined 
only by the frequency component at w0. Changes in the spectrum tha t affect other 
frequencies will not result in a different final probability. Although the final outcome 
of the one-photon interaction can not be controlled, the transition probability can be 
influenced at times, comparable with the pulse duration. Changes in the spectrum 
of a Gaussian-like laser pulse result in a pulse elongation tha t can effectively control 
the interaction at rather long times of the order of tens of picoseconds [3].
2.4 M ultiphoton  excitation: three-level system
When a system contains more than two levels, both the transient dynamics of the 
interaction, as well as the final probability can be controlled. A significant break­
through in understanding coherent control of a two-photon interaction was made by 
the group of Silberberg. Here we discuss the example of coherent control most related 
to this thesis - control of a two-photon excitation in rubidium.
In the perturbative limit, the final two-photon transition probability amplitude 
involving an intermediate resonant level is given by [18]:
where the wig and wfi are the resonant frequencies between the intermediate and 
ground and the final-intermediate levels, respectively, ig and /i,fi are the transition 
dipole moment matrix elements, and ß  is the principal value of Cauchy. The deriva­
tion of Equation 3.2 can be found in ref. [19]. The equation contains a resonant 
and an off-resonant term. The resonant contribution depends only on the spectral 
components at resonant frequencies, while the integral term  contains the integration 
over all remaining non-resonant photon pairs in the pulse. The integral part describes 
the off-resonant excitation th a t is shifted by n /2  in phase relatively to the resonant 
term, which means tha t the resonant and off-resonant contributions do not interfere. 
This is true in the case of a pulse, of which all frequencies can be described as con­
taining only real (imaginary) parts, which is the case of a transform-limited pulse. 
When phase differences between different frequency components are introduced, the
(2.2)
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wavelength (nm) 
constructive interference
Figure 2.3: Illustration of the principle of coherent control of a two-photon transition 
in rubidium. The change of the phase in a part of the spectral frequencies controls 
the interference in the off-resonant excitation.
resonant and off-resonant contributions may interfere. The integral in Equation 3.2 
contains a singularity, tha t expresses tha t the larger probability of the excitation is 
for photons with energy close to the resonant transition energy. The integral changes 
sign depending on the detuning of the photon energy relatively to the transition en­
ergy (from the ground to the intermediate level). After the integration over the whole 
frequency range the contributions of different signs almost cancel each other. This 
can be interpreted as destructive interference between the excitations by photon pairs 
th a t have opposite detuning of the first photon in a ladder relatively to the resonant 
transition. This is illustrated in Fig. 2.3. For the case of a transform-limited pulse, 
the photon pairs with the first photon red- or blue-detuned relatively to the resonance 
contribute with opposite signs. If one would change the phases of the frequencies lying 
in between the two resonant frequencies by n /2 , as shown in the spectrum in Fig. 2.3, 
this will change the sign of the contribution of the photons, tha t are red-detuned. 
Such a phase change in the spectrum of the laser pulse changes the interference from 
destructive to constructive. By using this approach an experimental enhancement of 
the two-photon excitation rate by a factor of 7 was achieved [18].
Coherent control techniques can provide a powerful tool to manipulate the in­
teraction. There have been developed a large variety of schemes and approaches to 
control different processes (molecular dynamics, multi-photon excitations in atomic 
gases, various types of Raman excitation, microscopy techniques). Recent reviews on 
coherent control studies can be found, for example, in [9, 20-22]. Meanwhile, coher-
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ent control studies are aimed not only for the optimization of the interaction, but 
also for the study of interactions and are particularly useful for the understanding 
of interference-related phenomena. By exciting the system with a laser pulse with 
a well-defined phase and polarization relation between individual frequencies, one 
can study the role of different spectral contributions in the dynamics, examine the 
role of resonant and off-resonant excitations [23], and study the polarization-related 
interference phenomena [4].
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Chapter
Coherent control of angular 
momentum transfer in resonant
i
two-photon light-matter interaction1
A bstract
In this chapter the question of the transfer of angular momentum from the laser light 
to a multilevel system is studied. Using various examples of coherent control of the 
transfer of angular momentum in a two-photon excitation we reveal the physical mech­
anisms, responsible for the efficient transfer of momentum from light to the system. 
In particular, it is shown experimentally and theoretically tha t a polarization-shaped 
femtosecond laser pulse with zero net angular momentum can create net angular mo­
mentum in atomic rubidium during resonant two-photon excitation. The transfer of 
angular momentum and the excitation efficiencies are analyzed in the framework of 
second-order time-dependent perturbation theory. The necessary conditions for the 
creation of non-zero angular momentum using zero-angular momentum light pulses 
are discussed.
1P a rt of th e  results from  th is  chap ter is published in D. A. Malik, A. V. Kimel, A. Kirilyuk, 
T h . Rasing and W . J. van der Zande, C oherent control of angular m om entum  tran sfer in resonant 
tw o-photon ligh t-m atter in teraction , Phys. Rev. L ett., vol 104, p. 133001, 2010.
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3.1 Introduction
W ith the advent of femtosecond lasers, coherent control of light-matter interactions 
has become an im portant area of research of broad interest in both physics and chem­
istry [1, 2]. This is also true for magnetism, where laser control of magnetic order has 
become a subject of intense research for the last decade [3]. Ultrafast demagnetiza­
tion of a magnetic material and even magnetization reversal has been demonstrated 
using ultrafast optical radiation [4, 5]. Manipulation of magnetic order requires an­
gular momentum transfer. It has been reported tha t excitation of a medium with 
a femtosecond laser pulse results in a large change of angular momentum in mag­
netic subsystems at the surprisingly fast time-scale of the laser pulse. This time-scale 
is much shorter than any known relaxation processes in solids. Therefore, it was 
suggested tha t the electromagnetic field directly controls the necessary angular mo­
mentum transfer [6, 7].
Normally, in an electric dipole transition, absorption of a circularly polarized pho­
ton is required to change the magnetic quantum  number of an electron by + 1  or 
-1. In the presence of spin-orbit interaction a one-photon process probes the mag­
netization of a medium via the magneto-optical Faraday and Kerr effects [8]. Two 
photon-transitions initiated by circularly polarized photons allow one to change the 
magnetic quantum  number of an electron by +2, -2 or 0. The combination of spin­
orbit interaction and two-photon stimulated Raman scattering provides a plausible 
mechanism for femtosecond control of spins [9, 10]. However, detailed understanding 
of the magneto-optical effects with laser pulses shorter than the time of optical deco­
herence is still lacking [11, 12]. The problem is further complicated in solids, where 
the presence of translational symmetry makes tha t angular momentum is not a good 
quantum  number and that optical selection rules are not rigorous. However, even for 
an ideal system the role of optical coherence in the transfer of angular momentum 
during a two-photon interaction has not been fully understood yet.
To understand the mechanisms of the angular momentum transfer, it is necessary 
to  consider vectorial properties of the interaction or, in other words, to distinguish 
between excitation paths leading to the different magnetic sublevels. In the case of 
degenerate sublevels it is not possible to separate between excitation paths, unless ap­
plying vectorial spectral manipulation to the laser pulse. This means that, by using 
pulse shaping, different polarization states of individual frequencies in the spectrum 
of a short optical pulse are created. This approach has been proposed by Dudovich et 
al. in 2004 [13]. The authors considered the problem of angular momentum transfer 
during the interaction of light with a simple three-level system. For the excitation, 
laser pulses shaped by polarization were used, which contained only linearly polar­
ized frequencies. However, it was not shown tha t the laser pulse, containing only 
linearly polarized frequencies, can create net angular momentum in the final state. 
The control of angular momentum distribution in the final state was demonstrated
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Figure 3.1: (a) The energy level scheme of Rubidium. The 5d level is excited via 
a two-photon process. The resonant transitions are at Xig =  780.2 and X fi =  776.0 
nm. The spontaneous emission from 6p  to 5s state at 420 nm is measured. (b) The 
excitation scheme, including m-sublevels. The linearly polarized frequencies of the 
excitation pulse are presented as a superposition of circularly polarized components, 
and quantization axis is the fc-vector of the laser light.
without distinguishing between sublevels with the same absolute value of the angular 
momentum, namely between m = 2  and m = -2  and between m= 1  and m = -1  sublevels, 
which assumes the total angular momentum to be zero. Also, the role of resonant 
excitation in the transfer of angular momentum was not studied.
We have investigated two-photon excitation of an ideal three level system to indi­
vidual magnetic sublevels both resonantly and off-resonantly using as a model Rubid­
ium atoms. While using linearly polarized shaped laser pulses, we have shown that 
the coherence between the linearly-polarized waves at different frequencies can lead 
to the creation of a net angular momentum under conditions at which one intuitively 
would not expect this. We have also established the crucial role of the interference 
between resonant and off-resonant excitation in the transfer of angular momentum.
3.2 Experim ent
Rubidium is a very favorable candidate for coherent control studies using standard 
femtosecond Ti-Saphire laser systems. It has two resonant transitions at Xig =  780.2 
and X fi =  776.0 nm (corresponding to 1.59 eV and 1.60 eV respectively) both within 
the spectral band of a 75 femtosecond laser pulse (see Fig. 3.1 (a)). The 5s — 
5p i /2 — 5d3/ 2,5/2 transition energies (Xig =  795 nm, X fi =  761 nm) are far beyond 
the bandwidth of the excitation pulse and can be ignored in our experiment. Via 
a two-photon process the final 5d state is excited, while its population and angular 
momentum are determined by observing fluorescence. To characterize the amount of
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the angular momentum in the 5d state we have measured the amount of circularly 
polarized fluorescence. The atoms decay spontaneously from the 5d state to the 
ground state via the 6p level, where we observe the 6p to 5s transition at 420 nm. 
The non-amplified laser pulses have a bandwidth of 12 nm (corresponding to  75 fsec 
transform-limited pulses) centered at a wavelength of 778.1 nm.
The pulse shaper (see Fig. 3.2) has a 4f geometry, as in Prakelt et al. [14]. The 
incoming pulse becomes spatially dispersed after the grating (1200 grooves /m m ) 
and focused in the Fourier plane with the curved mirror (300 mm focal length). In 
the Fourier plane each of the frequency components is separated in space and can 
be manipulated with the spatial light modulator (SLM). The modulator is formed 
by two 320-pixel liquid crystal displays with the optical axis at +45 and -45 degrees 
relatively to the vertical polarization of the incoming pulse. Such configuration allows 
for the simultaneous and independent change of the phase and polarization. In the 
present experiment we rotated the polarization of part of the spectrum by 90 degrees 
and scanned the position of the step between the orthogonally polarized parts. In 
some experiments, part of the spectrum was blocked in the Fourier plane and a phase 
step was also applied. Care has been taken to ensure tha t the relative intensities of 
the spectral components were not affected by the polarization shaping. The spectral 
resolution of the shaper is determined by the grating dispersion, the width of the pixel 
and the width of the laser beam. In our experiment the resolution was determined to 
be around 0.25 nm per pixel.
Rubidium vapor was contained in a cell at room tem perature. The angular mo­
mentum of the final 5d level was deduced from the fluorescence observed at a small 
angle relatively to the laser beam propagation direction. The main observable was 
the intensity contrast between left- and right handed polarized fluorescence. The de­
tection system consisted of a quarter-wave plate, a polarizer and a photomultiplier 
(PMT) with attached narrow-band filter around 422 nm. Two effects determined the 
maximum observable contrast. Firstly, due to the lifetime of the 5d and the 6p states, 
fine structure and hyperfine structure coupling reduced the alignment, created imme­
diately after the excitation pulse. Secondly, we detected the second photon in the 
cascaded spontaneous fluorescence decay which further reduced the contrast. From 
calibration measurements, when exciting Rubidium with purely circularly polarized 
light, the maximum observable contrast in the fluorescence was determined to be 
about 55%.
3.3 Theory
We have theoretically analyzed the angular momentum transfer in a two-photon ex­
citation using second order time dependent perturbation theory. In our calculation, 
we restrict the treatm ent to orbital angular momentum only and ignore the electron 
spin. This restriction preserves the essence of the experiment. The most convenient
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Figure 3.2: Scheme of the experimental setup. The pulse shaper has a 4 f  geometry 
with a computer-controlled SLM in the Fourier plane. The mirror after the shaper is 
set close to Brewster’s angle so tha t the relative intensities of the spectral components 
are not affected by the polarization shaping. The rubidium is contained in a cell 
at room temperature. The amount of circular polarization in the fluorescence is 
measured by using a quarter-wave plate, a polarizer and a PM T with attached narrow­
band filter around 422 nm. Detection takes place under a small angle from the 
incoming laser beam propagation direction.
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reference axis is the propagation direction of the light, allowing for a consistent choice 
for the angular momentum wave functions. The two linear polarizations of the excita­
tion spectrum are represented as a superposition of left- and right- handed circularly 
polarized light:
E x =  E+ +  E- , Ey =  ia+ — iE- , (3.1)
where E x and E y are orthogonal, linearly polarized spectral components, E+ and E-  
are right- and left-handed circularly polarized components and |E+| =  |E- | =  e + =  
a -  .
In Fig. 3.1 (b) the excitation scheme of the magnetic sublevels is shown. In our 
reference frame, the excitation by the pulse, shaped in polarization, results in a co­
herent excitation of the m=-2, m =0 and m =2 sublevels. Decomposing the excitation 
field into two parts has an advantage for calculation of the population and angular 
momentum in the final 5d state during the excitation by a complex polarization­
shaped pulses. The angular momentum is characterized by the population difference 
in the m =2 and m=-2 sublevels, while excitation to the Zeeman sublevels, described 
by the transition probability amplitudes am , can be calculated separately for each of 
the excitation paths (see Fig. 3.1 (b)). Of course, this is only possible to do in the 
perturbative limit, where the excitation to each next level (in the s-p-d ladder) is only 
a small perturbation for the previous level.
Using Eq. 3.1 we can interpret the change of polarization in the excitation spec­
trum  as a phase jum p of opposite sing applied to the e + and a -  spectrum, respec­
tively, at the position of the polarization step. This is illustrated in Fig. 3.3. Ef­
fectively this means, th a t the m = 2  and m = -2  sublevels are excited by fields, shaped 
differently in phase.
In the perturbative limit, the final 5d m-states amplitudes involving an interme­
diate resonant level are given by [15]:
af,m ^ — in E ( u ig)E(u,fi) + â  f ~  E H E (u  — Uig) dA ,  (3 .2) 
in2 { J - x  u  — ^ig  J
where the sublevel index ’m ’ runs from -2 to  2, and where u ig and ujfi are the res­
onant frequencies between the intermediate and ground and the final-intermediate 
levels, respectively, /i,ig and ^ f i are the m-dependent transition dipole moment ma­
trix elements, and â  is the principal value of Cauchy. Equation 3.2 contains a resonant 
and an off-resonant term. The resonant contribution depends only on the spectral 
components at resonant frequencies and is n /2  shifted from the term containing the 
integration over all remaining non-resonant photon pairs in the pulse. Later we will 
show tha t this phase shift plays a crucial role in the angular momentum transfer.
To calculate the populations in each of the sublevels using Eq. 3.2, we should 
define the spectral contributions to  each of the sublevels depending on position of
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Figure 3.3: (a) Scheme of the change in polarization in the spectrum. (b) and (c) 
Corresponding representations of the spectrum for a+  and a -  parts with n /2  phase 
jum p following Eq. 4.1.
the polarization step. The different m-levels react on different combinations of left­
handed and right-handed circularly polarized light (see Fig. 3.1 (b)). Depending on 
the position of the step between the orthogonally polarized parts, the photons involved 
in the two-photon process are either both linearly polarized along the x-direction, or 
are both polarized along the y-direction, or the excitation involves one photon of each 
polarization. We use Eq. 3.1 to  write these combinations via a circular basis:
E x (u )E x (ufg -  w) =  a +( u )a +(ufg -  w) +  a  (w)a (wfg -  w)+
a+(U) a - ( Ufg -  w) +  a+(wfg -  w )a -(w )
E y(w)E y(wfg -  w) =  -  <7+ (w)a+ (wfg -  w) -  a - (w)a- (wfg -  w)+
a + (w )a-(w fg -  w) +  a+(wfg -  w )a -(w )
ia+ (w)a+ (wfg -  w) -  i a -  (w)a-  (w f g -  w ) -ExXW)Ey (wfg -  w) =
ia+ (w )a (wfg -  w) +  ia+ (w fg -  w)a  (w)
(3.3)
or, taking into account tha t a + (w )=  a  (w):
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Table 3.1: Electric field combinations contributing to the final state amplitudes.
Both x polarized Both y polarized Both orthogonal
m = 2 g ( w) g ( w - ) - g+(w)g+(wfg - w) )w-gf(w)g()wgi
m = 0 2g (w)g+(wfg - w) 2 g  (w)g+(wfg - w) 0
m = -2 g  (w)g (wfg - w) )w
-
­gf(w()g
IT
(g- )w-gf(w()g()w(gi-
e x(w) e x(wfg -  w) =  g+ (w)g+ (wfg -  w) + g _ (w)g_ (wfg - w)+
2g +(w)g _ (wf g - w)
Ey (w) Ey (wfg -  w )=  - <7+(w)g+(wfg - w) - <7 (w)g (w fg -  w)+ (3.4)
2g+(w)g _ (wfg - w)
E x(w)Ey(wfg -  w) =  *g+(w)g+(wfg - w) - ig _ (w)g_ (wfg - w)
In the expressions above the + and _ notations of g denote the excitation path­
ways, accordingly to the scheme in Fig. 3.1. Eq. 3.4 gives us the spectral combinations 
contributing to the final state amplitudes, which are summarized in Table 1.
Substituted in Eq. 3.2 these contributions give for each magnetic sublevel three 
resonant terms and three non-resonant integrals. The only difference between the 
contributions to the m  =  2 and m  =  - 2  sublevels is the sign of the imaginary 
parts. This gives the condition that for the creation of net angular momentum the 
final transition amplitude af (as in Eq. 3.2) should contain both real (off-resonant) 
and imaginary (resonant) terms. Indeed, the imaginary part of spectral contribution 
would add up to the real part Re(af ) via the imaginary term and to the imaginary 
part Im (a f  ) via the real term. This implies that the resulting real and imaginary 
fractions in the final state amplitudes a f ,2 and af,_ 2 become nonequal, as well as the 
final populations af,2a*j 2 and af,_ 2aƒ _ 2. For laser pulses that are only shaped by a 
change in polarization, the n / 2  phase difference between the resonant and off-resonant 
contributions in Eq. 3.2 immediately provides the necessary condition for the creation 
of angular momentum in the final state, which is observed in experiment. The above 
discussion implies that the interference between resonant and off-resonant excitation 
plays a crucial role in the transfer of angular momentum.
3.4 R esults and discussion
The results of an experiment, in which the spectral position of the change in polar­
ization was varied, are shown in Fig. 3.4 (b). We show both the total fluorescence
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intensity, representing the total 5d population, and the amount of left- and right­
handed circularly polarized fluorescence. The intensity at the beginning (A < 774 
nm) and at the end (A > 782 nm) of the scanned spectral range corresponds to a 
purely linearly polarized band-width limited pulse. The experimental data reveal two 
important features: the enhancement of the fluorescence intensity around resonances 
and the strong contrast in the fluorescence of opposite helicities, implying that the 
atoms have acquired a net polarization.
The enhancement of the excitation efficiency near the resonant frequencies can be 
explained in terms of interference between photon pairs, oppositely detuned relatively 
to resonance, which is expressed via an integral in Eq. 3.2. The change of the sign 
in the off-resonant term around the resonant frequency is associated with destruc­
tive interference between excitation events by oppositely detuned photon pairs [15]. 
Dudovich et al. [15] have shown that by removing all red- or blue-detuned photons, 
destructive interference can be eliminated, enhancing the overall excitation efficiency. 
Due to the singularity in the off-resonant term in Eq. 3.2 this has a particularly strong 
effect on the excitation efficiency at resonances. In Fig. 3.5 we show the experimen­
tally observed enhancement of a two-photon excitation rate, obtained by blocking part 
of the spectrum. The presented results were obtained during test measurements that 
were not optimized, hence some quantitative difference is observed with the calcula­
tions. However, the results demonstrate that removing the blue-detuned frequencies 
from the spectrum results in enhancement of the fluorescence. Blocking the spectrum 
above the resonance significantly reduces the excitation rate, because only a narrow 
off-resonant spectral region contributes to the excitation. An ideal experimental proof 
of the perturbative regime should be a complete diminishing of the excitation after 
blocking the spectrum above the central frequency (778 nm). In strong fields, how­
ever, this might be no longer the case and, as we will show in Chapter 5, this may 
even result in a significant enhancement of a two-photon excitation rate.
We note, that in experiments with polarization shaping, a form of control different 
from the one discussed above, is used: the change of polarization in the spectrum 
changes the phase between the spectral contributions from oppositely detuned photon 
pairs by n/2 (see Table 1), implying that they do not interfere. The removal of 
destructive interference results in an enhancement of a two-photon excitation rate.
The results of the calculation based on Eq. 3.2 and Table 1 are shown in Fig. 3.4 
(c). Apart from the absolute values of the enhancement at the resonances and the 
intensity when changing the polarization in between the resonances, qualitatively all 
features are reproduced, demonstrating the transfer of angular momentum from the 
linearly polarized waves to the Rb atoms. Our calculations take into account the finite 
spectral resolution of the pulse shaper and the experimentally verified reduction in 
contrast. Remaining discrepancies between observations and calculations are ascribed 
to spectral distortions caused in the shaper. The sudden phase jumps at the edges of 
the SLM pixels have a strong effect on the far-field spectral distribution [16].
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Figure 3.4: (a) Scheme of the change in polarization in the spectrum. In the ex­
periment Wgtep is scanned. (b) Total fluorescence intensity and amount of right- and 
left-handed polarized fluorescence. Observed circular polarization contrast implies in­
duced angular momentum in the system. (c) The calculations, taking into account the 
spectral resolution of the shaper and experimentally verified reduction in polarization 
contrast.
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Figure 3.5: (a) Excitation spectrum. In the experiment the spectrum block position 
wblock is scanned. (b) Experimental and calculated fluorescence intensity as a function 
of spectral block position. The calculations take into account the spectral resolution 
of the shaper.
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We note that the populations of the m=2 and m=-2 sublevels have opposite sym­
metry relatively to the central frequency (wig + Wfj)j2 (see Fig. 3.4). The sign of the 
angular momentum depends on to which of the resonances the polarization step is 
applied. Such nonintuitive behavior of the angular momentum can be immediately 
predicted from the analysis of the symmetry of the spectral contributions (see Table 
1). The contributions from the field polarized along the x-axis and polarized along 
the y-axis have opposite signs, which results in the asymmetric behavior of the final 
m= 2  and m= - 2  populations.
The symmetry properties of the angular momentum relative to the polarization 
change in the spectrum can be modified by changing the relative phases between 
spectral components. In Fig. 3.6 the results are shown when additionally a nj2 
phase step was applied to one of the polarizations. Change of the phase of one of 
the orthogonal spectral parts by n j 2 results in equal contributions to the m= 2  or 
m= - 2  sublevels for a polarization step positioned symmetrically around the central 
frequency.
We have mentioned earlier, that the interference between resonant and off-resonant 
excitation plays a crucial role in the creation of angular momentum in the final state. 
To further corroborate the role of the resonant excitation, we have blocked part of the 
spectrum, including the resonant component at 776 nm (wfj). Now our measurements 
showed no real difference in the intensities of the fluorescence for opposite helicities, 
and in the calculations the difference disappeared completely (see Fig. 3.7).
All the experiments above demonstrate that resonant excitation is necessary for 
the creation of angular momentum. Still, is it possible to control the angular mo­
mentum in a two-photon excitation off-resonantly? According to the discussion in 
section 3.3, the condition that af is complex is sufficient for the creation of angular 
momentum. We have therefore made af complex, still blocking the resonant contri­
bution, by adding a nj2 phase shift at the position of the polarization step. Indeed, 
the fluorescence intensities of opposite helicities become unequal; the atoms gain a 
net polarization (see Fig. 3.7).
So far, we have analyzed the angular momentum properties of the final state 
during a two-photon excitation in frequency space in terms of interference phenomena. 
Analysis of the excitation in time can give insight into the time-dependent evolution 
of the populations and possible correlation between the time-structure of the pulse 
and the behavior of both 5p and 5d states. We have performed time-dependent 
calculations by solving the Schrödinger equation in the perturbative limit, as described 
in [17, 18].
In our calculations we used the field representation, as described by Eq. 3.1 and 
Fig. 3.3, providing that the system is simultaneously excited by two fields: E 1 (t) and 
E -1(t), obtained from Fourier transformation of a+ and a - spectrum respectively. 
The Hamiltonian, that describes the excitation of a multilevel system as shown in 
Fig. 3.1 (b), can be written as:
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Figure 3.6: (a) Scheme of the change in polarization in the spectrum. In the ex­
periment wstep is scanned and an extra n j 2 phase shift between orthogonal spectrum 
parts is applied. (b) Total fluorescence intensity and amount of right- and left-handed 
polarized fluorescence. Observed circular polarization contrast implies induced angu­
lar momentum in the system at both resonances. (c) The calculations, taking into 
account the spectral resolution of the shaper and the experimentally verified reduction 
in polarization contrast.
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Figure 3.7: (a) Scheme of the change in polarization in the spectrum. The reso­
nant frequency at 776 nm (wfi ) is blocked. In the experiment wstep is scanned. (b) 
Observed circular polarization contrast shows almost no difference in fluorescence of 
opposite helicities (triangles). An extra n/2 phase shift between orthogonal spectrum 
parts restores polarization contrast, inducing angular momentum (circles). (c) The 
calculations, taking into account the spectral resolution of the shaper and the exper­
imentally verified reduction in polarization contrast. In calculations without a phase 
mask the <r+ and a - fluorescence are equal (solid line).
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gives the strength of the interaction between the initial state \l m) and the final 
state \l m ) and A f i =  \wig — wc\ and A fg =  \wfg — 2wc\ are the detunings of the 
laser central frequency from the 5s — 5p transition and from the central energy of a 
two-photon transition wc (778 nm), respectively.
The shaping of the spectrum in polarization results in a complex time-dependent 
polarization structure of the excitation pulse. In Fig. 3.8 (a) the electric field of the 
central part of the laser pulse is shown, when the step in polarization is positioned 
at the resonance at 780.2 nm (wig). The tails of the pulse are linearly polarized, 
while in the central part, circular polarization occurs first in one and then in the 
other direction. In Fig. 3.8 (b) populations of the 5d m=2 and m=-2 sublevels are 
plotted as a function of time during the first picoseond of the shaped laser pulse. The 
time delay between the growth of the m= 2  and m= - 2  populations reflects the change 
in polarization of the laser pulse. In Fig. 3.8 (c) it is shown that the difference in 
dynamics survives on a long time-scale.
The 5p level is populated in a resonant one-photon process. Still, even here a 
strong difference in the angular state is present during the action of the laser pulse. 
In Fig. 3.8 (d) the evolution of the populations of the 5p m=1 and m=-1 sublevels is 
shown. The step in polarization is located at the resonance at 780.2 nm (wig). The 
time structure of the pulse manifests itself as an enhancement of the excitation to the 
m=1 level, forming at the same time a stimulus to de-excite the m=-1 level. When the 
helicity reverses during the fast pulse the dynamics is reversed. Of course, during the 
ultrafast pulse the system can not distinguish between different frequencies, instead
m
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Figure 3.8: (a) Electric field envelope and helicity h =  i[E x E*]/E 2 of the central part 
of the excitation pulse for polarization step positioned at 780.2 nm (wig). (b) and (c) 
Population dynamics of the final 5d level. The difference in populations survives on 
a long time-scale. (d) and (e) Population dynamics of the intermediate 5p, m=+/-1, 
levels. A transient angular momentum disappears asymptotically.
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the system follows the time-evolution of the electric field in the pulse. Asymptotically, 
only the resonant component plays a role and the net angular momentum at the 5p 
level disappears after a time of about 50 psec (see Fig. 3.8 (e)). The slow oscillation of 
the populations is due to the slight offset of the position of the polarization step from 
the exact resonance. The dynamics of the angular momentum in the intermediate 
state will be the subject of our study in the next Chapter 4, where we will discuss 
transient control of the angular momentum in a one-photon excitation.
3.5 Conclusions
In conclusion, we have demonstrated coherent control of angular momentum transfer 
into the Rubidium 5d level in a two-photon excitation. We have found that even in 
the case of only linearly polarized spectral components, the Rb atoms obtain a net 
angular momentum. Rotation of the polarization in the spectrum acts as a control 
parameter of the interference between excitation events to a certain 5d m-state by 
different spectral combinations, as expressed in Table 3.1. Necessary conditions for 
creating a net angular momentum are the multi-photon character and the existence 
of interference between resonant and off-resonant excitation: generally the amplitude 
af (as in Eq. 3.2) needs to be complex. It has been also revealed that during the 
interaction large amounts of transient angular momentum can be observed even in a 
one-photon transition. Our results provide important insights for the understanding of 
the problem of angular momentum transfer from light to matter, opening potentially 
new perspectives for coherent control of the magnetic state of a medium.
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Ultrafast coherent control of angular 
momentum in a one-photon 
excitation.
A bstract
Controlling one-photon optical transitions by utilizing coherence properties of ultra­
short laser pulses can provide novel approaches to direct manipulation of angular 
momentum and spins on an ultrafast time-scale. We demonstrate coherent control 
of ultrafast angular momentum transfer in atomic rubidium. The sub-picosecond 
dynamics of the angular momentum transfer in the excited Rubidium 5p- state is 
studied in real-time by observing photo-electron angular distributions with velocity 
map imaging. Retrieving the populations of the degenerate Zeeman levels and recon­
structing the angular momentum we show that in the case of resonant excitation the 
angular momentum does not follow the momentary helicity of the electric field of the 
pulse. This is in contrast with off-resonant excitation where the angular momentum 
and pulse helicity are fully correlated. Our study shows how to generate and shape 
ultrashort pulses of orbital and spin angular momentum in a controllable way.
4.1 Introduction
Laser excitation is one of the main approaches for the manipulation of spins in solid- 
state quantum computing and semiconductor spintronics [1-5]. The phenomenon of
Chapter T __________________________________________
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optical pumping of spins is normally based on the absorption of circularly polarized 
photons and angular momentum transfer from the photons to the electrons. Due to 
the conservation of angular momentum and the spin-orbit interaction, such an ex­
citation results in an effective generation of a non-equilibrium spin polarization [6]. 
Over the last 20 years the spin dynamics following optical excitation has been inten­
sively studied and is quite well understood [7]. However, how the angular momentum 
evolves during the excitation is a question yet to be answered. Although optical ma­
nipulation of spins in atoms by optical pumping is known for more than 50 years 
[8 , 9], even for an ideal system such as an atomic gas, the real time dynamics of the 
angular momentum remained unexplored for a long time. This lack of understanding 
prohibits optical control of spins at the ultimately fast timescale comparable with a 
femtosecond laser pulse. Advance in solving this problem has been made in gas phase 
alkalis, with the recent developments in control and monitoring the interaction with 
light [10-12]. Photo-electron angular distributions (PADs) allow a direct monitoring 
of the electron wave function of the ionized electrons and indirectly of the intermediate 
states; also the angular momentum can be reconstructed [13]. Recently a relatively 
slow control of the angular momentum of individual atoms has been achieved on a 
nanosecond time-scale using strongly aligned atomic oxygen in a magnetic field [14]. 
In this chapter we study and control the angular momentum dynamics on a hundred 
femtosecond time-scale using atomic Rb as a model system. The evolution of the 
wave-function of the excited 5p state in a one-photon 5s-5p transition is monitored 
using ultrafast photoionization from the excited state by a time delayed probe pulse 
and velocity map imaging. We demonstrate that the angular momentum dynamics 
in the excited state can be effectively controlled by a polarization shaped laser pulse, 
containing only linearly polarized frequencies. We show that in a one-photon transi­
tion to the degenerate 5p3/ 2 Zeeman levels the spectral properties of the excitation 
pulse play a crucial role. If resonant photons are presented in the pulses, the angular 
momentum in the excited state does not follow the helicity of the excitation pulse. 
Upon removal of resonant photons, the angular momentum does follow the helicity of 
the excitation pulse.
4.2 Experim ent
In Fig. 4.1 the pump-probe optical setup is shown. Amplified 40fs laser pulses were 
used with a repetition rate of 250 kHz, generated from a Coherent Reg A 9050 am­
plifier and centered around 795 nm, with a pulse energy of approximately 4 yU,J. Part 
of the laser beam (60%)was used for the excitation and shaped using a pulse shaper. 
Details of the shaper are described in Chapter 3. We applied changes to the phase and 
direction of the linear polarization of the different frequency components. In all exper­
iments part of the spectrum above 784 nm was blocked in the Fourier plane to reduce 
the excitation of the 5si/ 2 — 5pi/ 2 (795 nm) transition. Blocking the 5si/ 2 — 5pi/ 2
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grating
Figure 4.1: The pump-probe scheme. Amplified 40 fs laser pulses are used with a 
repetition rate of 250 kHz, generated from a Coherent Reg A 9050 amplifier and 
centered around 795 nm with a pulse energy of approximately 4 yU,J. Part of the beam 
(60%) is shaped in the pulse shaper and used for the excitation. 40% of the beam 
travels through the BBO crystal and generates the probe pulse of 100fs duration with 
the central frequency at 400 nm. In the experiment the time-delay is scanned.
transition effectively reduces the influence of electron spin on the observed angular 
distributions. In section 4.5 we will address this question in detail. The probe ioniza­
tion pulses at 400 nm were obtained by second harmonic generation in a BBO crystal 
by the other part (40%) of the unshaped fundamental pulses and were experimentally 
verified to have a duration of 10 0  fs.
The velocity map imaging technique is widely used to obtain information about 
the velocity vectorial distribution of charged fragments in photo/chemical reactions
[15]. In our experiment the property of interest was the angular distribution of pho­
toelectrons produced via a one-photon ionization from the excited 5p3/ 2 state. The 
ionization of an ensemble of atoms can be represented via a Newton sphere in a 3D 
velocity space (see Fig. 4.2). During single ionization events each of the free electrons 
is characterized by a speed vector, the amplitude of which is determined by the elec­
tron’s kinetic energy. The direction may be arbitrary, but statistically complies to the 
probability distribution described by the angular part of the electronic wavefunction 
in the continuum. In case of a large number of ionization events a smooth distribution 
of speed vectors is formed. The radius of the Newton sphere is determined by the 
speed of the photoelectrons (a scalar value), which in our case is a constant value (we 
neglect the energy difference due to the finite bandwidth of the ionization pulse). In 
experiments the information about radial and angular distribution in a 3D space can
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Figure 4.2: Illustration of the Newton sphere in a 3D velocity space, formed by a one- 
photon ionization from the ground si/ 2 state. The laser pulse is linearly polarized 
in the vertical direction. The Newton sphere is projected into a 2D plane giving a 
sin2 (9) distribution.
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be obtained by projecting the Newton sphere into a 2D plane and further applying 
a reconstruction procedure. In Fig. 4.2 an example of a Newton sphere is shown, 
which is formed by a one-photon ionization from the s to the p state by a laser pulse, 
polarized in vertical direction. The projection into a 2D plane gives a sin2 (9) angular 
distribution. In the experiment photoelectrons are accelerated from the interaction 
region to the detector, with subsequent image recording. Fig. 4.2 also shows the defi­
nition of spherical coordinates in our experimental configuration, relative to the laser 
beam propagation direction (z-axis) and the image plane. This definition was further 
used in the analysis of images.
The schematic layout of the experiment is presented in Fig. 4.3. In a pump-probe 
set-up the angular momentum in the excited state was determined as a function 
of time delay between the excitation and ionization pulses. The excitation pulse is 
lengthened due to the manipulation of the pulse with the shaper. The experiment was 
performed in a high-vacuum setup. A diffuse flux of rubidium atoms was produced 
from an oven held at 60 °C and positioned about 5 cm from the interaction region. 
During the experiment the pressure in the vacuum chamber was always below 10-6  
mbar. The velocity map imaging unit contains repeller, extractor and ground plates, 
which form a velocity map imaging lens for the photoelectrons [16]. Electrostatic 
lens focusing ensures that all electrons of the same kinetic energy, but from different 
areas in the interaction region, contribute to the image with the same unique radial 
distribution. The focusing of electrons on the detector is optimized for a fixed voltage 
ratio between repeller and extractor plates, which in general depends on the time- 
of-flight distance and was kept close to 2 in our experiment. The voltages applied 
to the repeller and extractor plates were around -1600 and -800 V respectively. The 
photoelectrons were detected by a double microchannel plate (MCP) detector com­
bined with a phosphor screen and images were recorded with a CCD camera. The 
schematic drawing of the vacuum setup is shown in Fig. 4.4.
In order to control the angular momentum of Rb we employ the resonant 5s 1/2 — 
5p3/ 2 transition at Xig =  780.2 nm (corresponding to hwig=1.59 eV) (see Fig. 4.5). 
As quantization axis it is convenient to choose the propagation direction of the light, 
implying that the linearly polarized spectral components are coherent superpositions 
of circularly polarized waves [11, 17]. In this frame only the magnetic sublevels m L=1 
and mL=-1 are coherently excited (further in notation mL=m). In our experiment, 
we control the magnitude of the orbital angular momentum along the propagation 
direction of the light. The control variable is the product of the 5p population and 
the expectation value of Lz and is given by:
{aiYl(9, 4>) + a- iY - 1  (9, $)\LZ^ ( 9 ,  #) + a- iY- 1 (9, #)) «  |ai|2 — |a-i|2
where am is the probability amplitude of the corresponding mL-state and Y ]m are the 
spherical harmonics. It can easily be shown that the expectation values of (Lx) and 
(Ly) are zero at all times. The angular momentum of the 5p state is described by the
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Figure 4.3: Schematic layout of the experiment. The angular momentum in the 5p 
state is probed via an ultrafast photoionization and the photoelectron angular distri­
bution is measured using velocity map imaging. R, E and G are the repeller, extractor 
and ground plates respectively. MCP - microchannel plate detector combined with a 
phosphor screen.
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Figure 4.4: The vacuum setup. In the drawing the oven, the extraction region and the 
time-of-flight region are shown (dimensions are indicated in mm). The MCP detector 
is closed by the top flange.
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m L = 0  m L = 2
a excitation
5 S1/2
Figure 4.5: The excitation and the probe level scheme. The 5si/ 2 — 5p3/ 2 (Aig = 
780.2nm) transition is excited. Linearly polarized spectral components are presented 
as a coherent superposition of circularly polarized waves. The 5p state is probed via 
ionization by circularly polarized pulses at 400 nm.
population distribution over the Zeeman sublevels. By employing circularly polarized 
pulses in the ionization step (see Fig. 4.5 (a)) we distinguish between the contributions 
from the m=-1 and the m=1 sublevels in the PAD images. In Fig. 4.6 experimental 
calibration images are shown, obtained by using circularly or linearly polarized pulses 
with the spectrum blocked above 784 nm. The laser beam propagates in vertical 
direction in the image plane. These images have been symmetrized in the plane and 
normalized to maximum intensity after background subtraction. The reference PADs 
do not depend on the time delay between pump and probe pulse in the calibration 
experiments. The first PAD represents Rb atoms with the angular momentum chosen 
anti-parallel to the quantization axis, which implies (Lz) =  -1. The second image 
shows the PAD during the excitation by a linearly polarized pulse, where the angular 
momentum is perpendicular to the quantization axis, with (Lz) =  {Lx) =  {Ly)=0. The 
difference in intensities around the vertical nodes (m=-1 ) and horizontal nodes (m = 1 ) 
is due to the difference in strengths in ionization step which are related as 0.41 to 1. 
The third image shows the case of angular momentum parallel to the quantization 
axis, (Lz) =  1. The different symmetries of the photoelectron angular distributions 
reflect directly the angular momentum in the 5p excited state. From the images, we 
retrieve the populations of the Zeeman levels and deduce {Lz). In section 4.4 we will 
explain the procedure of quantifying the m = - 1  and m = 1  sublevel populations from 
the PADs.
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populated states:
Figure 4.6: The experimental calibration PADs, obtained during the excitation with 
circularly and linearly polarized pulses, resulting in (Lz) =  1 (only m  =  —1 level 
populated), 0  (both m  =  — 1 and m  = 1  levels are populated), and -1 (m = 1  level is 
populated) respectively. The images are normalized to the maximum intensity. The 
laser beam propagates in vertical direction.
4.3 R esults and D iscussion
The retrieved populations of the m=-1 and m=+1 states are directly compared to 
numerical calculations of the populations from the time dependent Schrödinger equa­
tion in the perturbative limit. The calculation procedure is explained in Chapter 3. 
In Fig. 4.7 the results are shown when a polarization step was positioned at Xig + 
0.25nm (corresponding to hwig - 0.51 meV). Since we want to control the angular 
momentum dynamics within the degenerate Zeeman levels only, we want to avoid 
spin-orbit precession motion related to the coherent excitation of both 5p3/ 2 and 
5p i /2 states [11]. Therefore, we reduced the transient population in the 5 p /  level 
relatively to the population in the 5p3/ 2 level by approximately two orders of mag­
nitude by blocking the spectrum above 784 nm. The temporal profile of the shaped 
pulse has a complicated form; in Fig. 4.7(a) the time-evolution of the helicity of the 
field of the pulse h =  i[E x E *] is shown. The intense part of the pulse has a duration 
of 250 fs (full width at half maximum), during which the helicity changes within 100 
femtoseconds. A sudden change in polarization creates long pre- and post-transients 
in the pulse, characterized by a periodic reversal of the helicity. The populations of 
the m=-1 and m=+1 states of Rb atoms are shown in Fig. 4.7(b). Initially, (Lz) 
=  0  at the rising edged of the pulse and then the angular momentum grows in the 
direction anti-parallel to the propagation, as mostly the m = - 1  state gets populated 
within 200 fs. The difference in population dynamics between the m-levels during 
the intense part of the pulse reflects the response of the system to the real-time he-
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Figure 4.7: (a) Temporal evolution of the pulse field helicity h =  i[E x E*\ . The inset 
shows the excitation spectrum. Part of the spectrum above 784 nm is blocked. (b) 
Experimental and calculated populations of the m=1, m=-1 sublevels as a function 
of time. Polarization step is applied at Xig +0.25nm. (c) Polarization step is applied 
at Xia +0.50nm.
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Figure 4.9: Experimental and calculated product of population and expectation value 
(L z ) ( | « - 1|2 + |a1|2) as a function of polarization step position for conditions as in 
Fig. 4.7.
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licity. While the intensity of the pulse decreases strongly after one picosecond, still 
significant population changes are observed and {Lz ) changes sign without reaching 
the maximum value found at 100 fs. At a longer time-scale the population difference 
between the two Zeeman levels asymptotically disappears and the excited atoms are 
no longer polarized. Minor oscillations with a period of 520 fs follow the periodic 
helicity reversal of the weak post-transient.
We should note that in a resonant one-photon excitation the angular momen­
tum in a system can not be simply described by the momentary polarization of the 
excitation pulse. In principle, it is possible to see some correlation of the angular 
momentum with the helicity of the pulse. The minimum of {Lz) coincides with the 
negative peak of the helicity at around 100 fs. In the pulse transient the angular mo­
mentum does not follow the helicity in any way. The next experiment corroborates 
the absence of a direct relation between the helicity and the observed direction of 
the angular momentum vector. We have varied the position of the polarization step 
with respect to the resonance of the one-photon transition from Xig + 0.25nm to Xig 
+ 1.25nm with a 0.25 nm step. The results are shown in Fig. 4.7 and Fig. 4.8. In 
Fig. 4.7(a) it can be seen that in the intense part of the pulse from -250 to 250 fs 
the helicity remains almost unchanged with respect to the polarization step position, 
while the angular momentum vector is inverted already at 2 0 0  fs for the polarization 
step at Xig + 1.25nm (see Fig. 4.8 (c)). In the transient the period of helicity reversal 
is increased as a function of polarization step position (see Fig. 4.8). The period 
of the angular momentum vector reversal as well as the decay time of (Lz) during 
the transients decreases when the polarization step is applied further from resonance. 
This systematic dependence of the angular momentum on polarization step position 
is shown in Fig. 4.9. Our interpretation of the angular momentum reversal dynamics 
is as follows. In the perturbative limit long after the pulse, the populations in both 
magnetic sublevels are determined only by the resonant frequency component in the 
spectrum. At short excitation times a broad spectral range of frequencies contribute. 
Effectively, the excitation time determines the spectral width around resonance, that 
contributes to the excitation, hence a faster decay of the angular momentum is ob­
served at larger detunings of the polarization step from the resonance. We note that 
the slight offset between the calculations and the experimental data in Fig. 4.9 is due 
to a small systematic underestimation of the population in one of the Zeeman levels 
in the analysis. The reason for this might be that the evolutionary algorithm intro­
duces a bias due to imperfect background corrections and due to the symmetrization 
of images. Of course, our excitation pulse is affected by the non-ideality of the pulse 
shaper [2 0 ].
The above results imply that the speed of the angular momentum reversal can be 
controlled by the detuning of the polarization step from resonance. For the detunings 
below 0.25 nm an accurate experimental verification is complicated due to the finite 
spectral resolution of the pulse shaper, which is of the order of 0.25 nm. In Fig. 4.10
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we present calculated populations for the polarization step positioned at Xig + 0.06 
nm and Xig + 0.12 nm. Evolution of the pulse helicity is shown in Fig. 4.10 (a) for 
a polarization step at Xig + 0.06 nm. Remarkably, the angular momentum survives 
on a time-scale much longer than any observed changes in the helicity of the pulse. 
The experimental data obtained with the polarization step applied at resonance (see 
Fig. 4.10 (c)) show a relatively good agreement with the calculations for the polar­
ization step detuned from the resonance by 0 .1 2  nm, which is exactly half of the 
pulse shaper spectral resolution. In this way the experiment remains consistent with 
theoretical predictions.
The above results show that in a one-photon transition, the spectral properties of 
the pulse play a crucial role in the excitation dynamics. Even though the excitation 
has a one-photon character, the dynamical response of the system is governed by 
the coherent excitation by frequencies with different energies and polarization states, 
resulting in a complex polarization behavior of the system.
We have also demonstrated control of the angular momentum dynamics with other 
pulse modifications. To obtain a new pulse shape, the polarization step and a n/2  
phase step were applied at Xig +0.25nm. The results of the measurements and the 
pulse helicity are shown in Fig. 4.11. The angular momentum (Fig. 4.11 (c)) shows a 
much faster sign inversion during the first 2 0 0  fs in comparison with the results shown 
in Fig. 4.9 (top curve for Xig +0.25nm). Also for this pulse modification, the angular 
momentum dynamics does not correlate with the helicity of the pulse.
The dynamics of the angular momentum is affected to a large extent by interference 
between resonant and off-resonant excitation. As it was shown in [18] using chirped 
pulses, the interference results in periodic oscillation dynamics of the population in 
the excited state. The sharp changes in polarization in the spectrum result in a 
similar oscillatory behavior of the populations in the m= 1  and m= - 1  sublevels and 
creation of angular momentum. We note that the period of helicity changes in the 
transient is determined by the inverse spectral width between the polarization step 
and the spectral block (784 nm). This explains the absence of any correlation between 
helicity and angular momentum reversal during the transients.
Removal of the resonant wavelength prevents interference to occur, allowing off- 
resonant excitation only. In the next experiment the excitation spectrum was limited 
to the region from 780.7 nm to 784 nm and the polarization step was positioned 
at 782.5 nm. The experimental and calculated populations of the m=1 and m=- 
1 sublevels are shown in Fig. 4.12. By removing the resonant frequencies, excited 
state population is only created transiently during the laser pulse and the angular 
momentum vanishes after one picosecond due to the depopulation of the excited state. 
This is true in the perturbative limit. In strong fields, where saturation is reached, an 
absence of resonant photons may still give asymptotic population as has been shown 
before [19]. We observe that the angular momentum now fully correlates with the 
helicity of the pulse (see Fig. 4.13). When only a polarization step is applied, the
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Figure 4.10: (a) Pulse field helicity h =  i[E x E*\ for a polarization step applied at 
Xig +0.06nm. (b) Calculated populations of the m=1, m=-1 sublevels as a function 
of time for a polarization step applied at Xig +0.06nm. (c) Calculated populations for 
a polarization step applied at Xig +0.12nm and experimental populations, measured 
with polarization step applied at resonance Xig.
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Figure 4.11: (a) (a) Temporal evolution of the pulse field helicity h =  i[E x E*\ 
. The inset shows the excitation spectrum. Part of the spectrum above 784 nm is 
blocked. Polarization step and n /2  phase step are applied at Xig +0.25 nm. (b) 
Experimental and calculated populations of the m=1, m=-1 sublevels as a function 
of time. (c) Experimental and calculated product of population and expectation value 
(Lz )(|«-i|2 + M 2).
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Figure 4.12: Experimental and calculated populations of the m=1, m=-1 sublevels 
as a function of time during off-resonant excitation. The excitation spectrum is con­
tinuous from 780.7nm to 784 nm. (a) Only polarization step is applied at 782.5 nm. 
(b) Polarization step and n /2  phase step are applied at 782.5 nm.
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Figure 4.13: Ultrafast evolution of angular momentum during off-resonant excitation. 
The excitation spectrum is continuous from 780.7nm to 784 nm. Polarization step is 
applied at 782.5 nm. (a) Temporal evolution of the pulse field helicity h =  i[E x E *] 
for the pulses having only polarization step (black solid line) and polarization step 
together with n /2  phase step at 782.5 nm (blue dashed line). (b) Experimental and 
calculated product of population and expectation value (Lz)(|a_i|2 + |a1|2) for the 
pulse containing polarization step only. (c) The same as the data on panel (b) but for 
the case when the spectrum has both polarization step and n/2  phase step at 782.5 
nm.
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angular momentum has two major and two minor maxima of opposite sign. When 
the polarization step and a n / 2  phase step are applied in the spectrum, the resulting 
dynamics still correlates with the momentary helicity of the pulse. In Fig. 4.13 (c) 
it is shown that the angular momentum has two maxima of one sign and one larger 
maximum of opposite sign. The fact that the angular momentum dynamics is much 
easier predictable in the case of off-resonant ultrafast excitation is ascribed to the 
fact that off-resonant photons cannot result in a long-lived population of the excited 
state, i.e. the excited population is constantly refreshed following the real time pulse.
4.4 A nalysis o f the experim ental photoelectron  an­
gular distributions
The experimental images of the photoelectron angular distribution were used to ex­
tract the populations of the m = 1  and m = - 1  sublevels in the excited state as a function 
of time. In Fig. 4.14 an example of a typical experimental image is shown. The outer 
border of the detector is schematically shown by a grey line. Typically, images have 
not an ideal circular shape and show systematic intensity differences between hori­
zontal nodes. The intensity difference is of the order of 25% from it ’s maximum value. 
We found that the distortions are influenced by two major factors: the alignment of 
the pump and probe laser beams in the interaction region and a residual magnetic 
field that probably causes electron deflection and shifts the image from the center of 
the detector. The shift of the images also explains the intensity differences in the 
images: due to the higher sensitivity of the outer part of detector the right node in 
the images is enhanced. Because our major experimental goal was to observe dy­
namical changes of angular momentum, based on relative changes of intensity in the 
images, we have not compensated accurately for the image shift. However, we have 
installed a ^-metal shield tube in the electron flight region that has slightly improved 
the image position. The optimum alignment of the pump and probe laser beams was 
found by optimizing the quality and shape of the images. In the analysis procedure 
the images were symmetrized in the plane, rotated by 90deg and the background was 
subtracted. We have not performed the retrieval procedure for the nonsymmetrized 
sets of images, however, we expect that the effect of symmetrization on the retrieved 
angular momentum distribution is small.
We have analyzed the images in two ways: taking into account only the orbital 
angular momentum and ignoring the electron spin, and taking into account both the 
orbital angular momentum and electron spin. In view of the ultrafast character of the 
experiment with shaped pulses of a length up to 10 picoseconds, nuclear spin effects 
can safely be ignored. We found that at our experimental conditions the spin-orbit 
coupling has only a minor influence on the angular momentum dynamics because of 
negligible excitation from the 5s1/ 2 to the 5p1/ 2 level. We will address this question
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Figure 4.14: An example of a typical experimental image. The outer border of the 
detector is schematically shown by the grey line. The image is shifted from the center 
of the detector. The intensity difference between the horizontal nodes is of the order 
of 25% from it’s maximum value.
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in detail in the next section 4.5. Here we will present the analysis considering only 
orbital momentum. In our computations, the Rb 5p3/ 2 m- states are described as 
^ m h )  eigenstates, ignoring electron spin, or using the uncoupled representation, 
L /m L , S ,m s ). The angular part of the electronic wave function in the continuum 
can be presented as a coherent superposition of angular momentum states via spherical 
harmonics (0, $) [20] with 0 and $ defined as in Fig. 4.2:
0(0, $ ) =  Mm,m+1«mYm+1(°, $) exp_iÇi' (4.1)
m,l
where m=-1, 1 are the possible Zeeman levels in the intermediate 5p3/ 2 level. The 
coefficients am are the transition probability amplitudes from the ground 5s state 
to the excited m-states in the 5p3/ 2 state. In the continuum, l =0, 2 are the final
possible orbital angular momentum states, m + 1 is the m-dependent transition 
dipole moment matrix element between the excited state and final state with orbital 
momentum l , is the asymptotic phase of the continuum wave function, as defined 
in [21]. The three-dimensional angular distribution -0(0, $)0*(O, $) is integrated in the 
direction perpendicular to the image plane, providing a two-dimensional distribution, 
that is compared with the experimental images.
To extract the populations amam of the m=1 and m=-1 sublevels from the exper­
imental images, we fit the images with the described model. Because the transition 
probability amplitudes am are complex, this requires a fit of four parameters, includ­
ing real and imaginary parts of am. However, the photoelectron angular distribution 
ÿ(O,4>)'0*(O,4>) depends only on the relative phase between a+1 and a _1. Hence, we 
searched for three parameters in the fitting procedure: the absolute values of am and 
the relative phase between a+1 and a_ 1. In the fitting procedure the intensities in the 
image were stored line by line in a one dimensional vector array and the inner product 
between the experimental and calculated vectors was maximized using an evolutionary 
algorithm (Evolution Strategy) [22]. In our fitting procedure the CMA-ES algorithm 
developed by Hansen and Ostermeier was used [23]. In the model (Eq. 4.1) parame­
ters characterizing outgoing channels with the s and d character of the wave function 
were taken from [21]. The ratio of the strength between the s- and d-channels was set 
to the experimental value of 0.38. The value of the asymptotic phase difference 
between the s- and d-channels was taken as 1.7 rad, close to the value of 1.85 rad given 
in [21]. For the optimum fit of the calibration images, obtained from the excitation 
with pure linearly and circularly polarized pulses (Fig. 4.6), a residual ellipticity of 
the ionization pulses and correction for the had to be implemented. Taking into 
account ellipticity of the ionization pulse implies that both right- and left-handed po­
larized components of nonequal intensities contribute to the ionization. This results 
in an extension of the number of ionization paths and modifying Eq. 4.1, including 
also l = - 2  as a final state.
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Figure 4.15: Experimental and calculated phase difference between the m  = 1  and 
m  =  —1 sublevels during resonant excitation. The conditions are as in Fig. 4.7(b) 
and Fig 4.8(c).
The described model allows us to analyze the experimental data in two ways: by 
doing a fitting procedure and comparing extracted populations with theory, and by 
doing forward calculations of images using theoretical parameters (amplitudes and 
phases) and compare experimental and calculated images.
As we mentioned, in our fitting procedure we have searched also for the relative 
phase between the final excited sublevels m  =  1 and m  =  —1. The resulting angular 
momentum depends dramatically on the relative phase between the states because of 
coherent summation of angular wavefunctions Y ]m (0, ^) that describe the total angular 
distribution. In Fig. 4.15(a), (b) we show the experimental and calculated phases for 
the case of resonant excitation with conditions as in Fig. 4.7(b) and Fig 4.8(c). It 
was found that the experimental values of the phase have large differences with the 
calculated trend. In the beginning of the excitation, before 0 ps, the difference is 
of the order of 2 rad. After 0 ps the experimental phase is closer to the calculated 
value and the difference is about 0.9 rad. Despite a large difference in absolute 
values, the time trend of the experimental phase is quite well reproduced in the
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Figure 4.16: Experimental and calculated phase difference between the m  = 1  and 
m  =  —1 sublevels during offresonant excitation. The conditions are as in Fig. 4.12.
calculations. We note, that in all experimental series with resonant excitation, we 
could also observe systematic differences between experimental and calculated angular 
momentum dynamics in the beginning of the excitation: a strong population difference 
between the m=-1 and m=1 states. We suggest that the systematic phase distortions 
and the differences in angular momentum can both be ascribed to nonideality of the 
pulse shaper. In case of off-resonant excitation with conditions as in Fig. 4.12, the 
experimental phases reflect the calculated trend. Also in this case there is obviously 
no good correspondence (see Fig. 4.16).
4.5 The ultrafast control of spin orientation  dynam ­
ics
In the previous section we have discussed control of orbital angular momentum dy­
namics, ignoring electron spin, and mainly focusing on utilizing the coherence of laser 
radiation and an atomic system to study control of angular momentum on an ul­
trashort time-scale. Here we implement these results for ultrafast control of spin 
dynamics. In atomic systems, manipulation with the orbital angular momentum re­
sults in a defined spin orientation. In this section we will discuss our previous results 
on control of angular momentum in view of control of spin orientation. Normally,
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control of spin orientation is associated with the control of spin precession. We will 
show that the spin orientation can be controlled on an ultrafast time-scale by the 
polarization shaped laser pulses also in the case when the laser pulse does not induce 
spin precession.
Implementation of the electron spin in the analysis results in the excitation scheme, 
as shown in Fig. 4.17. Numbers from -3 to 3 denote excitation pathways. a  and ß 
represent spin up and spin down states respectively. T j/ are transition matrix
elements from the ground to the excited state | J  m j) in the coupled representation
I J , m j, L ) . Tm’m are the m-dependent transition matrix elements from the excited 
state to the continuum state in the uncoupled representation. Y^, are spherical har­
monics, where we assume that in the Y02 notation also Y01 is included. a1, a2, b1, b2, 
äi, ä2, b1, b2 are the Clebsh-Gordon coefficients. In this representation the continuum 
state is treated as degenerate and we neglect the small difference in ionization energy 
within the bandwidth of the ionization pulse. For clarity we will write explicitly 
the terms which contribute to the final states. The terms include the strength for 
each of the excitation pathways and the angular part of the electronic wavefunction, 
expressed via spherical harmonics Y^ , in the corresponding continuum states.
path 1 : T 33 T 12Y2 a  2 2 2 (4.2)
path 2 : T i lT 12a2Y2 ß + T i iT01b2Y 2a (4.3)
path 3: T31T 12a 1Y22ß + T31T01b1Y12a  2 2 2  2 2 1 (4.4)
path — 1 : T3 -3 T- 10Y2ß 2 2
(4.5)
path —2 : T i -i T- 1%Y0^a + T i -i T 01a2Y12ß 
2 2 0 2 2 1
(4.6)
path —3: T3 -i T- 1% Y 0 ‘a  + T3 -i T01a 1Y12ß 
2 2 0 2 2 1
(4.7)
Multiplied by the corresponding probability amplitudes aJ t m> of the intermediate
’ j
excited states and coherently summed independently for the a  and ß spin states, these 
terms describe the angular part of the electronic wave functions in the continuum 
state ÿ a (9, 4>) and ÿß(9, >^). We note that the terms containing Y02 suppose Y00 to be 
included, with the ratio of the strength between the s- and d-channels of 0.38 and 
the value of the asymptotic phase difference between the s- and d-channels of 1.7 rad. 
These values were also used in the analysis discussed in the previous section. The 
probability amplitudes a J> m/ of the intermediate states are only dependent on the
excitation field. The evaluation of ÿ a,ß(9, ÿ)ÿ*a ß(9, rf>) provide the information about 
angular distributions independently for spin up and spin down states, while in the 
experiments their sum is monitored. A complete evaluation of the expression for the 
angular distribution, with the ellipticity of the ionization pulse taken into account,
ß^o2 ß lf a K2 ß722 a i? a y;
Figure 4.17: Excitation and ionization level scheme, including electron spin. Numbers from -3 to 3 denote excitation 
pathways, a  and ß stand for spin up and spin down states, respectively. Ty > are transition matrix elements
’ 3
from the ground to the excited state | J  m •) in the coupled representation. Tm,m are m-dependent transition 
matrix elements from the excited state to the continuum state in the uncoupled representation. are spherical 
harmonics, where in the Y§ notation also lg3 is included, oi, 0 2 , b 1, bn, «i, 0 2 , b 1, 62 are Clebsh-Gordon coefficients.
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results in an expression that generally depends on the relative phases and populations 
in the intermediate excited states in the 5p1j 2 and 5p3/ 2 levels. In this case, fitting the 
experimental images with the model in general would require a search of 7 parameters: 
for example, the relative phases between the | 3/2 3/2) and | 3/2 —3/2) states, between 
the I 3/2 1/2) and | 1/2 1/2) states, between the | 3/2 — 1/2) and | 1/2 — 1/2) states 
and populations in the | 3/2 3/2), | 1/2 1/2), | 3/2 — 3/2), | 1/2 — 1/2) states. 
However, in most of our experiments we could ignore the excitation to the 5p1/ 2 
level, which reduced the number of parameters to 3. In section 4.2 we mentioned 
that to reduce the excitation to the 5p1/ 2 level we have blocked all frequencies in the 
spectrum above 784 nm. Transiently a significant amount of population is created 
also during the off-resonant excitation (as shown in Fig. 4.12), hence the 5p1/ 2 level 
can be ignored in the analysis if the excitation to the 5p1/ 2 level is far off-resonant. 
At our experimental conditions, indeed, the 5p1/ 2 level has a small influence on the 
spin dynamics.
In experiments the influence of spin-orbit coupling on the photoelectron angular 
distribution can manifest itself as an induced asymmetry in the images. The accuracy 
of our experiment was not high enough to observe definite asymmetry in the measured 
distributions. We could, however, study this effect by doing forward calculation of the 
images with and without implementation of spin. In Fig. 4.18 we show symmetrized 
experimental images (a), images, fitted using the model without electron spin (de­
scribed in section 4.4) (b), images, obtained by forward calculation using the model 
without spin and with spin (c) and (d) respectively. The experimental conditions and 
time delay between pump and probe pulses correspond to the one’s in Fig. 4.7 (b). 
The fitted images well reproduce the changes in the angular distribution (as intensity 
is varying between vertical and horizontal nodes), although they do not describe ide­
ally the shape of the experimental images. Forward calculated images (part (c)) show 
the worst correspondence with the experiment. This is mostly explained by the fact 
that there is a strong difference between the theoretical and experimental values of 
the relative phase between the m=1 and m=-1 sublevels (see Fig. 4.15). The effect of 
the phase is especially pronounced in Fig. 4.18 parts (b) and (c) for the images at -180 
and 20 fs. Taking into account the spin-orbit interaction can correct for the observed 
differences (part (d)). Apart from the image at 220 fs, almost ideal correspondence 
between the calculated (Fig. 4.15 (c))and experimental (Fig. 4.15 (d))images is ob­
served. The spin-orbit interaction also manifests itself as a slight asymmetry induced 
in the photoelectron angular distributions (images at -180 and 20 fs). We note, that 
the asymmetry becomes much more pronounced when the 5p1/ 2 level is significantly 
populated during the excitation.
In the next part of this chapter we will present results on ultrafast control of 
magnetization (spin orientation) dynamics in rubidium by shaped pulses. In our 
studies the control of magnetization is achieved via control of the orbital angular 
momentum. The magnetization is calculated via numerical integration of the total
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Figure 4.18: (a) Symmetrized experimental images, (b) fitted images by using the 
model without electron spin (described in section 4.4), (c), (d) images, obtained by 
forward calculation using the model without spin and with spin respectively. The 
experimental conditions and time delay between pump and probe pulse are as in 
Fig. 4.7 (b).
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Figure 4.19: Calculated angular momentum (in the uncoupled representation) and 
magnetization as a function of time. (a) Resonant excitation (b) Off-resonant excita­
tion. The conditions correspond to the one in Fig. 4.7 and Fig. 4.12 respectively. In 
off-resonant excitation, the magnetization is shown for two cases: neglecting excita­
tion to the p 1j 2 level and taken into account the p 1/ 2 level.
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Figure 4.20: Calculated results of the influence of spin-orbit precession on the mag­
netization dynamics. The calculated magnetization in the case of the excitation of 
only 5p3j 2 level (dashed line, conditions as in Fig. 4.19 (a)) is compared with mag­
netization in the cases when the complete spectrum is used for the excitation (a) and 
when the spectrum is blocked below the 5p1/ 2 transition (b).
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spin projection on the direction of the laser pulse propagation axis. In Fig. 4.19 
we show the calculated magnetization as a function of time for the case of resonant 
and off-resonant excitation. The experimental conditions correspond to the ones in 
Fig. 4.7 (b) and Fig. 4.12 (b). The magnetization dynamics in both cases can be almost 
ideally described by the angular momentum dynamics, as defined in section 4.3 and 
section 4.4. In case of resonant excitation there is no visible difference between the 
angular momentum and magnetization when we neglect the excitation to the 5p1/ 2 
level. In off-resonant excitation we calculate the magnetization for two cases: when 
we neglect the excitation to the p 1/ 2 level and when it is taken into account. We 
do this because in the off-resonant excitation the amount of population in the 5p1/ 2 
level is relatively larger with respect to the 5p3/ 2 level, than in the case of resonant 
excitation. Indeed, taking into account the 5p1/ 2 state induces small differences in 
magnetization dynamics relative to the case when we consider only excitation to 
the 5p3j 2 state. However, the differences are small and we can conclude that in all 
cases the magnetization dynamics follows the angular momentum. The fact that the 
spin follows the angular momentum can be ascribed to the excitation of only one 
of the spin-orbit states (5p3/2): the atoms are excited in such a way, to avoid spin 
precession around the orbital momentum. In other words the spin is always oriented 
parallel to the orbital angular momentum. In the excitation scheme (Fig. 4.17) it 
can be seen, that the major contribution to the spin orientation is given by the 
m j  =  3/2 or -3/2 in the 5p3/ 2 level. These results show that the spin orientation 
can be controlled by polarization shaped laser pulses explicitly via the control of 
orbital angular momentum, even in the case when the laser pulse does not induce 
spin precession.
The influence of spin-orbit precession on the magnetization dynamics is rather 
straightforward. Actually, the effect of precession is superimposed on the spin orien­
tation induced by the orbital angular momentum change. This is shown in Fig. 4.20. 
The calculated magnetization in the case of the excitation of only 5p3/ 2 level (dashed 
line, conditions as in Fig. 4.19 (a)) is compared with the magnetization, in the cases 
when the complete spectrum is used for the excitation (Fig. 4.20 (a)) and when the 
spectrum is blocked below the 5p1/ 2 transition (Fig. 4.20 (b)). In all cases a po­
larization step is applied at Xig +0.25nm. When the complete spectrum is used for 
the excitation, the spin-orbit precession is induced and the magnetization follows on 
average the values obtained without precession. The slow decay of the precession can 
be ascribed to the decay of the orbital part in the dynamics. When the 5p1/ 2 transi­
tion is blocked close to the resonance the precession dynamics shows almost identical 
behavior, but with much faster decay due to the depopulation of the 5p1/ 2 level after 
the action of the excitation pulse.
Previously we have explained that in our study of the control of the angular mo­
mentum and spin we aimed to focus on the dynamics due to the laser excitation 
explicitly and avoid the spin-orbit precession. In principal, it is not necessarily a
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Figure 4.21: Calculated PADs showing the influence of spin-orbit precession. The 
images are shown for the results in Fig. 4.20 (a) as a function of time.
required condition: as can be seen in Fig. 4.20, the effects of orbital angular mo­
mentum change and spin precession can be easily distinguished. However, realization 
of this experiment and analysis of PADs would have been much more difficult. The 
spin-orbit precession has a strong influence on the PADs. In Fig. 4.21 we show the 
calculated PADs for the results in Fig. 4.20 (a) as a function of time. The influence 
of spin precession manifests itself as an asymmetry in the images that changes on a 
time-scale faster than 20fs. We should note, that the effective control of spin orien­
tation by exploiting the angular momentum is achieved in the case, when transition 
to the higher J  level is employed - to the 5p3/ 2 level. When a polarization step acts 
on the 5p1j 2 transition, the spin orientation changes have only a characteristic time­
scale of 150fs, determined by the spin-orbit precession period. In Fig. 4.22 (a) the 
magnetization is shown for the case when the polarization step is positioned below 
the 5p1j 2 resonance. In this case the results indicate only the effect of spin precession 
on the magnetization. Similar results can be obtained also during the excitation by 
an off-resonant pulse of single polarization state. In Fig. 4.22 (b) it is shown that the 
magnetization in this case is almost identical to the case when a polarization step is 
applied. The phase of the oscillations in the offresonant excitation (Fig. 4.22 (b)) can 
be controlled by the widths of the spectrum.
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Figure 4.22: Calculated magnetization dynamics in the case when the 5p1j 2 transition 
is influenced by polarization shaping. (a) The polarization step is applied below the 
5p1j 2 transition. (b) The off-resonant excitation by single polarization.
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4.6 C onclusions and outlook
In conclusion, we have demonstrated ultrafast coherent control of the orbital angular 
momentum in one photon transitions by manipulating the excitation to the degener­
ate Zeeman levels. We have shown, that also in a one-photon transition at ultrashort 
times coherent excitation by frequencies with different polarization states results in 
a complex polarization response of a system. This response does not follow the po­
larization of the excitation pulse in a straightforward manner. Our results indicate 
that it is possible to generate ultrashort pulses of orbital angular momentum and, in 
a similar way, of magnetization in samples, as well as periodic angular momentum 
reversal. Our results give an insight into the ultrafast control of angular momentum in 
optical excitation and may provide a new approach to the ultrafast control of orbital 
and spin degrees of freedom.
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Chapter
Controlling excited state population 
exploiting the phase of Rabi Cycles.
A bstract
Strong-field excitation is a unique approach to create a significant nonequilibrium pop­
ulation in an excited system. By exploiting Rabi oscillations it is possible to obtain 
a high amount of population in a certain excited state after the action of an intense 
laser pulse. A challenging problem is to achieve a complete transfer of the population 
from the ground to the excited state (population inversion). We demonstrate a sim­
ple approach, that allows to achieve a complete population inversion with minimum 
adaptation of the laser pulse. A 70% population transfer is demonstrated within the 
reach of the experimental parameters, while a complete population inversion is pre­
dicted in theoretical calculations. We exploit the transients of an amplitude-shaped 
laser pulse to control the dynamics of the Rabi oscillations and show that this method 
can be easily adapted to gain an enhanced or zero population transfer in a two-photon 
excitation.
5.1 Introduction
In the earlier part of this thesis we have focused on coherent control at intrinsically 
low laser intensities, when the excited system is effectively unaltered by the excita­
tion field, and the energy level structure remains conserved during the excitation. 
The time-independent resonance conditions allow for a consistent description of the 
interaction both in the time- and in the frequency-domain. Using the frequency pic­
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ture simplifies the search for optimization parameters of the excitation within the 
most often used concept of interference between multiple excitation pathways [1 , 2]. 
The frequency description inherently fails in the strong field regime. An intrinsic 
property of a strong-field excitation is the presence of dynamic Stark shifts (DSS) of 
states, that implies that resonance conditions are not conserved during the excitation
[3]. This effectively adds another degree of control freedom, which makes control in 
a strong field more powerful, but the pulse optimization becomes more difficult and 
ambiguous. Using a learning algorithm with experimental feedback has proved to be 
successful in finding the optimal pulse shapes [4, 5], however the interpretation of the 
results remains difficult [6 , 7]. As a common variant in analytically derived models, 
chirped pulses are used and the population transfer is explained via rapid adiabatic 
passage (RAP) [8-10]. A more general approach implies the adjustment of the pulse 
parameters to compensate for the DSS, that was shown both analytically [11, 12] and 
experimentally [12], also in combination with the use of a genetic algorithm [13]. To 
narrow the parameter space in the search of optimal pulse shapes, the population 
was determined in a two-dimensional control space with the use of a two-dimensional 
spatio-temporal control technique [14, 15]. Diagonalisation of the Schrödinger equa­
tion in the case of interaction with intense fields results in the so-called dressed state 
picture, in which levels split to the extent of the Rabi frequency. In the case of 
multiple Rabi cycles during an intense 100 femtosecond pulse, this splitting can be 
significant and of the order of a few times the pulse bandwidth. The concept of se­
lective population of the dressed states (SPODS) has been applied to explain control 
of selectivity in addressing multiple final states [16], as was experimentally observed 
in a 1+2 REMPI of K atoms [17].
Due to the complexity of a strong-field interaction a rather small number of exact 
models have emerged so far. We propose a phenomenological model when the system 
is subject to the excitation by an intense pulse, while the initial conditions can be 
modified by employing a pre-transient of the excitation pulse. The interaction can be 
understood via two steps: in the first step a coherent superposition of states is created 
with defined phases and amplitudes, while in the second step the excitation is governed 
by Rabi oscillations and final populations are a function of initial conditions. By using 
the simplest possible amplitude pulse shaping with only one optimization parameter, 
we demonstrate a 70% transfer of the total population to the final 5d state in a 
resonant two-photon excitation in Rubidium. By varying the laser central frequency as 
a second parameter we show analytically the possibility to achieve a 1 0 0% population 
inversion. In earlier research it was realized that power absorption in ultrafast pulses 
gives rise to pre- and post transients with the possibility to excite or de-excite certain 
levels [18]. The topic of this chapter is to exploit these possibilities in the strong field 
regime in which Rabi cycles of the main pulse and phase definition by the transients 
can work together to obtain full inversion. We present first some systematic studies in 
the population in the 5d state in Rubidium as function of amplitude shaped intense
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Figure 5.1: (a) The energy level scheme of Rubidium. The 5d level is excited via a 
two-photon process. The resonant transitions are at X5pa/2 =  780.2 nm and X5pi/2 
=  776.0 nm. The atoms decay spontaneously from the 5d to the 5s state via the 
6p state. The population in the 5d state is determined by observing fluorescence at 
around 420 nm.
pulses, in order to indicate the presence of strong field effects by comparing the 
experiments with computational results. Thereafter, we present a simple way to 
get full inversion in a three-level system and zero excitation of the final level with 
minimum adaptations to the pulse.
5.2 Experim ent
The experiment was done with the setup, described in Chapter 3. Rubidium was 
excited via a two-photon process using an intense laser field. The population in 
the final 5d state was probed by observing fluorescence. The level diagram involves 
the intermediate 5p spin orbit states. The strong field regime requires a description 
involving both the 5p3/ 2 and the 5pi/ 2 resonant levels, corresponding to X5pa/ 2 =
780.2 nm and X5pi/ 2 =  795 nm respectively (see Fig. 5.1 (a)). For the excitation 
amplified 40 fs laser pulses were used with a repetition rate of 250 kHz, generated 
from a Coherent Reg A 9050 amplifier and centered at 796 nm. The beam was focused 
in a cell, containing rubidium vapor, to a spot size of about 10 /im. The pulse energy 
after the shaper was approximately 0.4 i J . In the present experiment we have used 
amplitude pulse shaping only by blocking part of the spectrum in the Fourier plane.
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The fluorescence intensity was measured as a function of the spectrum block position.
It is important to notice that in the present experimental realization a broad range 
of laser intensities contribute to the measured signal. The short focal length and the 
Gaussian profile of the beam imply that the area of collection of the fluorescence covers 
a broad range of intensities. Hence, the experimental results represent a superposition 
of the fluorescence resulting from the excitation by different laser intensities. The 
power range covers both the strong-field and intermediate regimes, that in general 
have a different response to the pulse modification. However, despite the non-uniquely 
defined excitation field strength, we could observe clearly in our experiment the effect 
of the pulse shaping on the excitation efficiency of a three-level system in a strong 
field.
The strong field regime is characterized by a strong non-linear response. Being 
completely coherent, non-linearity does not translate into saturation effects but results 
in complete or partial Rabi cycles. As was shown in Görtler and van der Zande [19] 
in a special case of Rb Rydberg atoms and THz radiation, absorption of frequencies 
gives rise to pulse modifications with pre- and post-transients. The combination of 
Rabi-cycles and post transients may result in apparent extra excitation efficiency at 
specific photon energies, even though, formally, as a consequence of the absorption 
process, the power spectrum of the resulting pulse lacks those specific photon energies. 
In the following, the control possibilities of selective absorption processes are further 
investigated.
A second aspect of all experiments is formed by the power spectrum of the laser 
field used. The two important near resonant excitations are both in the blue wing of 
the power spectrum, at 776 and 780 nm. The presence of the 5sij2 - 5pi/ 2 transition 
at 795 nm should not influence the excitation to the 5d states at low powers, as the 
power density for the second transition at the wavelength of 761 nm is very small. 
However, in the following experiment the photon energies above 795 nm also play a 
distinct role as they contribute to the spectral power density and effectively influence 
the Rabi frequency.
5.3 R esults and discussion
The experimental measurements of fluorescence intensity as a function of the spectral 
block position are shown in Fig. 5.1. Part (a) shows the excitation spectrum and 
direction of the block scan. A large enhancement of the fluorescence intensity is 
observed when the spectrum is blocked close to the X5pa/ 2 resonance (Fig. 5.2 (c)) at
780.2 nm. This is a clear evidence of strong-field excitation. In the perturbative limit 
the total excitation energy must be the sum of photon energies present in the power 
spectrum of the pulse, which implies that no excitation is possible, if all frequencies 
below or above the central energy (778 nm) are absent (For example, see Chapter 3 
Fig. 3.5). In the strong field regime this limitation is no longer present because of the
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Figure 5.2: Fluorescence intensity as a function of the spectrum block position. Panels 
(a) and (b) show different arrangements of the spectrum block scan. Plots (c) and 
(d) correspond to the spectrum in (a) and (b), respectively. TL indicates the signal 
for the excitation by an unshaped pulse.
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Stark shift of the levels during the action of intense pulse and nonstationary resonant 
conditions.
It remains surprising that when the frequencies, essential for the excitation in the 
perturbative limit, are removed from the spectrum, the excitation efficiency is sig­
nificantly enhanced in the strong field regime. The minor peak in the fluorescence 
signal at Xfi =776 nm is due to the contribution of intermediate intensities and has 
similar origin as in the perturbative regime. To analyze the experimental data we 
have performed calculations by solving numerically the time-dependent Schröodinger 
equation for the four-level system. We have performed calculations in a wide range 
of laser intensities and found the best agreement with the experiment for a Rabi fre­
quency of 13 THz, which approximately corresponds to a first Rabi maximum of the 
final state population for the unshaped pulse. Although the calculations represent 
an ideal case with one unique field strength, there is a good correspondence between 
experiment and theory. The difference at the X5p3/ 2 resonance (780.2 nm) can be 
ascribed to the fact that only a limited range of intensities above 10 THz contributes 
to the enhancement of the fluorescence at the resonance, while the whole range of 
intensities contributes to the signal of the transform-limited pulse (the left side of the 
data). In Fig. 5.2 (d) the results are shown when the spectrum was blocked from 
the low photon energy side and the block position was scanned (Fig. 5.2 (b)). In our 
experiment a 1 0 0% enhancement (relatively to the unshaped pulse) is observed when 
the spectrum is blocked close to the resonance. The calculations, in contrast, do not 
reproduce the absolute value of enhancement of the excitation compared to the level 
of the transform-limited pulse (right side of the data). We ascribe the differences 
to the signal distribution over excitation field intensities. The enhancement around 
the resonance (780.2 nm), as well as the significant signal at wavelengths above 795 
nm are observed in the case of intermediate and low intensities. Our calculations 
reproduce these observations only for a limited range of intensities. Another effect 
that influences the experimental results is a non-ideal behavior of the pulse shaper. 
The amplitude modulation is performed by polarization rotation of the spectral com­
ponents in combination with the polarizer after the shaper. We measured a residual 
strength of the field of the order of 15% (2.5% for intensity) at frequencies that were 
supposed to be blocked completely. This explains the minor enhancement peak at 
Xfi (776 nm) observed in the experiment. The total fluence increases while moving 
the block; clearly the final excitation of the 5d state does not follow in any way the 
total power, which would have been the case for the unshaped pulse.
To further confirm that our results systematically reproduce the trend of the ex­
citation in the strong field regime, we have performed experiments as a function of 
laser fluence. We aimed to look at the effect of transients induced by the spectral 
changes around resonances on the final population, by changing the relative intensities 
of the spectrum parts rather than reducing the total power in the spectrum. As in 
the previous experiment we have measured the fluorescence intensity as a function of
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wavelength (nm)
spectrum block position CDbiock  (nm)
Figure 5.3: ((a) Part of the excitation spectrum is blocked and the block position 
is scanned. The spectrum part above 782.5 nm is reduced in intensity. (b) and (c) 
Measured fluorescence intensity and calculated population in the final 5d level as a 
function of spectrum block position for different values of intensity of the spectrum 
part above 782.5 nm.
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Figure 5.4: (Calculated populations in the intermediate (a) and final (b) states as a 
function of the intensity as in Fig. 5.3. Spectrum block is positioned at 780 nm where 
the maximum enhancement is observed.
the spectrum block position, while the intensity of the spectrum part above 782.5 nm 
was reduced (see Fig. 5.3 (a)). The results are shown in Fig. 5.3 (b) for the spectrum 
part reduced in intensity from 0.6 to 0.05 (relative to unity). Clearly, such reduction 
of the intensity of the main part of the spectrum results in the fact that the enhance­
ment at the X5pa/2 resonance (780.2 nm) disappears, which represents the transition 
from the high-field to the low-field regime. The experimental results are in a good 
agreement with the calculations (see Fig. 5.3 (c)) apart from the enhancement of the 
fluorescence when the spectrum part is reduced to 0.14 and 0.05. This enhancement 
is consistent with the results in Fig. 5.2 (d), when the spectrum is blocked close to 
the X5pa/ 2 resonance (780.2 nm). Also, the experimental trends are reproduced by the 
calculations for a systematically smaller reduction of the intensity of the spectrum 
part above 782.5 nm (from 0.75 to 0.14).
Reducing the power density in the main part of the spectrum affects the population 
in the final state due to a reduction of the Rabi frequency. In Fig. 5.4 populations 
in the intermediate 5p3/ 2 level and final level are shown as a function of the intensity 
of the spectrum part above 782.5 nm. The decrease in the Rabi frequency at larger 
reductions of the spectrum intensity is clearly pronounced, both for the intermediate 
and final states (Fig. 5.4 (a) and (b), respectively). Reducing the intensity of the 
main part of the spectrum also enhances the intensity of the pretransient. Before the 
main part of the pulse (-80 fs) up to 80% from the total population is transferred to 
the intermediate state. It's important to notice, that although the population in the 
5p3/2 state is increased significantly, the phase of the state is not affected (not shown).
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As a consequence the dynamics of the Rabi oscillations is changed only due to the 
reduction of the Rabi frequency at reduced spectral powers. The gradual decrease of 
the Rabi frequency is also reflected in the population dynamics in the final state.
In another experiment we have kept the total power in the spectrum almost un­
changed, while affecting the pretransient by reducing the intensity in the spectrum 
part below 782.5 nm. The results are shown in Fig. 5.5. Apart from the enhancement 
at Xfi resonance (776 nm), which has the same origin as in Fig. 5.2 (c), the experi­
mental data are in a good agreement with the calculations. The complete block of the 
spectrum part below 782.5 nm leads to the vanishing of the two-photon excitation, 
consistent with the results in Fig. 5.2 (c). Surprisingly, even in the case when the 
spectrum part contains only residual intensity (above 0.18 in experiment and only 
above 0 .0 1  in calculations) and the pretransient is relatively weak, the two-photon 
excitation rate is still significantly enhanced around the X5p3/ 2 resonance. These re­
sults are a clear indication that the weak pretransient of the pulse, resonant with the 
transition, indeed has a strong effect on the population dynamics of the system in the 
strong field. How can one explain such a strong influence?
The excitation by a pre-transient creates a coherent superposition of states in the 
system before the main pulse arrives. The created distribution of phases and popula­
tions in the states affects the phase of Rabi oscillations and can steer the population 
transfer between states in different directions, affecting the resulting population dis­
tribution. In principle, the concept, when the system is "prepared” by creating a 
coherent superposition of states before the main excitation, has been applied earlier 
in strong field control [16, 20, 21]. We would like to focus on the role of the excitation 
by a near-resonant pretransient as a control parameter of the phases of the states. 
Because of the strongly non-linear interaction, it is rather difficult to predict the exact 
response of the system on a well-defined transient in the pulse and exact calculations 
are still required. However, our model gives insight into the physics of the excitation 
process and provides an approach to effectively control the population dynamics. In 
the next part of this chapter we will analyze the two-photon excitation in a strong 
field from the time behavior of the populations and phases of the states.
5.4 C om putational R esults
Using the conditions as in Fig. 5.2 (a), the calculated populations of the ground, 
intermediate and final levels are shown in Fig. 5.6 for two positions of the spectrum 
block: (a) at 780 nm, where the maximum enhancement was observed, and (b) at 781 
nm, where the population in the final state is reduced. The effect of a transient field 
on the populations is clearly pronounced: the population of the 5p3/ 2 state grows and 
reaches 50% of the total population at -90 fs, before the Rabi oscillations start (Fig. 5.6 
(a)). We note that the initial condition in the calculations is that all population is 
in the electronic ground state. When the spectrum block is positioned further from
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Figure 5.5: (a) Part of the excitation spectrum is blocked and the block position is 
scanned. The spectrum part below 782.5 nm is reduced in intensity. (b) and (c) 
Measured fluorescence intensity and calculated population in the final 5d level as a 
function of spectrum block position for different values of intensity of the spectrum 
part below 782.5 nm.
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Figure 5.6: Calculated populations as a function of time for the conditions as in 
Fig. 5.2 (a). (a) Spectrum block is positioned at 780 nm where the maximum of 
enhancement is observed. (b) Spectrum block is positioned at 781 nm. (c) calculated 
phases of electric field of the laser pulse. Solid lines - spectrum block at 780 nm, 
dashed lines - at 781 nm.
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the resonance at 781 nm (Fig. 5.6 (b)), the 5p3/ 2 population initially grows slower 
but after -90 fs it is enhanced dramatically, reaching a value of almost 90%. Clearly, 
the population dynamics in all states is totally different when the spectrum block is 
applied at 780 and 781 nm.
We note, that the exact spectrum block position around the 5s - 5p3/ 2 resonance 
determines the initial phase in the intermediate 5p3/ 2 state. The phase has a much 
stronger effect on the population dynamics in the final state, than the amount of 
population in the intermediate state during the excitation. This can be demonstrated 
in the calculations, where we artificially excluded the 5pi/ 2 state from the excitation 
by reducing the strength between the ground and the 5pi/ 2 level to 10%. Clearly, 
removing the 5pi/ 2 state affects the population transfer between the ground and 
intermediate 5p3/ 2 states, as long as the ground state is not coupled to the 5pi/ 2 
state (see Fig. 5.7). However, the population dynamics in the final state remains 
identical in both cases up to the time of 30fs (compare Fig. 5.6 (a) and 5.7 (a)). 
We may conclude from this result that the final level is mostly coupled with the 
5p3/ 2 level, rather than with the 5pi/ 2 level, hence, the last one should not strongly 
influence the population in the final state. Still, it remains surprising, that along with 
the different behavior of the population in the 5p3/2 level, an identical behavior in 
the final level is observed.
To explain this observation and to understand why different positions of the spec­
trum block trigger different dynamics of the populations, we have calculated the 
phases of the intermediate (5p3/2) and final levels as a function of time. These are 
shown in Fig. 5.8, combining the results for the spectrum block at 780 and 781 nm in 
two cases: when the 5pi/ 2 level is included and when it is removed.
In Fig. 5.8 (a) the phases of the intermediate 5p3/2 level are compared for two 
positions of the spectral block. In the beginning the phase grows linearly during the 
excitation by a weak pretransient. The 2n phase jumps are to fit the data within the 
2n range, as long as only phase shifts in a range of n make physical sense. As can 
be seen, there exists a phase difference of around n in the 5p3/ 2 state for different 
positions of the spectrum block. This explains the opposite direction of the Rabi 
oscillations, starting at -80fs, as compared in Fig. 5.6 (a) and (b). Using the absolute 
values of the phases it ’s hardly possible to predict the population dynamics, however 
a clear systematic correspondence is observed between the changes in phases and the 
population behavior. This correspondence manifests itself in the following aspects:
- The phases in the final state are almost identical up to 30fs for the spectral 
block at 780 nm and the 5pi/ 2 level included or removed. After 30fs a constant phase 
difference occurs that is consistent with the moment when the difference in population 
dynamics in the final state occurs (compare Fig. 5.6 (a) and Fig. 5.7 (a)).
- The phases in the final state are equal before -20fs and after 40fs for the spectral 
block at 781 nm and the 5pi/ 2 level included or removed. This is consistent with the 
populations (compare Figs. 5.6 (b) and 5.7 (b)). In the range from -20 to 40fs a large
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Figure 5.7: Calculated populations as a function of time for the conditions of Fig. 
5.2 (a). The strength of the 5s — 5pi/ 2 transition is reduced by 90%. (a) Spectrum 
block is positioned at 780 nm where the maximum of enhancement is observed. (b) 
Spectrum block is positioned at 781 nm.
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Figure 5.8: Calculated phases of the intermediate (5p3/2) and final states as a function 
of time for the conditions as in Fig. 5.6 and Fig. 5.7. The phases in the final and 
intermediate states are relative to the intermediate and ground states respectively.
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difference both in phases and population dynamics is observed.
- In the intermediate state (Fig. 5.8 (a)) for the spectral block at 780 nm and 
the 5p i /2 level included or removed: oscillatory behavior of the phases in the region 
from -30 to 50fs is consistent with the Rabi oscillations of the population; also a 
smaller number of cycles for the case when the 5pi/ 2 level is removed is reflected in 
the population.
These results show that the initial phase in the intermediate 5p3/2 state indeed 
controls the direction (phase) of Rabi oscillations between this state and the final and 
ground states, affecting the overall population dynamics in the system. Generally 
it is difficult to predict the evolution of the system under the action of a strong 
field, except for a limited number of models. However, our results demonstrate a 
powerful approach that allows to affect the outcome of the two-photon excitation 
in a strong field by using a resonant or near-resonant excitation that creates a well 
defined distribution of phases and populations before the intense part of the pulse. 
The scope of this chapter covers only a single way of manipulating the system by using 
a weak near-resonant pretransient, that is created by a simplest possible amplitude 
shaping (spectral block). It is important to note that our results stress the role 
of using the resonant (or near-resonant) conditions in the unperturbed system for 
the strong field control, that in many other control schemes are omitted because of 
nonstationary time-dependent resonant conditions. We suggest, that this approach 
can be extended to more sophisticated control schemes, utilizing more complex pulse 
shaping and extended for the control of excitation in other multi-level systems. We 
note, that in general this approach utilizes the induced coherence of the states and the 
(strong) laser field. This is a very general principle of control, and might have various 
realizations, apart from the excitation by exploiting a pulse pretransient. For example, 
intensive studies have been done with the concept of SPODS (selective population of 
dressed states) applied to explain selectivity during excitation of multiple final states 
via a resonant intermediate state [20, 22]. In these experiments temporal phase of the 
laser pulse served as a control parameter of the detection of one of the two Autler- 
Towns doublets that appear in strongly driven two level systems when incorporating 
the radiation field in a so called dressed state picture [22]. Within SPODS it seems 
possible to probe selectively one of these doublets. In the experiments of Wollenhaupt 
et al. [16, 2 2 ] photo electron spectroscopy was used to prove which state was ionized 
looking at the energy of the ionized electrons. Although an intuitive picture is not 
simple, this group clearly demonstrated control on the energy shifts and resonant 
conditions in two-pulse and chirped pulse experiments [16]. We would like to discuss 
possible similarities and differences of this approach with our experiment. In a more 
clear picture of a two-pulse experiment [2 2 ], a phase jump advancing the strong part 
of the pulse has been employed, resulting in effective excitation of only one of the 
dressed states. While the frequency was constant during the excitation, such control 
over resonant conditions provided efficient population transfer via the intermediate
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Figure 5.9: (a) Excitation spectrum is centered at 778 nm. Part of the spectrum is 
blocked and the position of the block is scanned. (b) Calculated population in the 
final 5d level as a function of spectrum block position. At 778.7 nm the population 
reaches 99.4%.
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level to the on-resonant final level. In our experiment the influence of the phase 
of the laser pulse is hidden in a long excitation by a resonant pretransient. In the 
main part of the pulse, in contrast, the phase behaves almost identically for the two 
positions of the polarization step, corresponding to maximum and minimum transfer 
of population to the final level (see Fig. 5.6 (c)). The amplitude shaping of the 
laser pulse introduces a linear phase change in the pulse representative for a shifted 
frequency of the pretransient in comparison to the carier frequency of the central part 
of the pulse. In the central part of the pulse the frequency corresponds to the effective 
central frequency in the spectrum (close to 795 nm), which is lower in energy than 
the unperturbed transition between intermediate and final level (776 nm). In our 
experiment higher-energy frequencies are blocked in the spectrum, consequently, we 
may suppose that the higher-energy dressed state is preferentially populated during 
the excitation. Following the concept of SPODS, when the n phase shift is introduced 
in the intermediate state, the lower-lying dressed intermediate state is preferentially 
populated, consequently, excitation to the final level is decreased. The difference is 
that in our case the phase in the intermediate state is controlled, while in the two-pulse 
experiment the phase in the laser pulse is controlled.
In our experiment we have demonstrated that the transfer of 60-70% of the pop­
ulation to the final state can be achieved by using the simplest shaping of the laser 
pulses. In the next part of the chapter we will show that, by using the same mod­
ification in the spectrum, a complete population inversion can be achieved. Due to 
the limitations in the experimental settings (possible tuning of the laser central wave­
length), we were not able to perform the measurements at the necessary conditions. 
Hence, we provide only the calculated results, shown in Fig. 5.9. The differences with 
the previous conditions (as in Fig. 5.2 (a)) are the shift of the central frequency of the 
excitation spectrum to 778nm and the increase of the Rabi frequency to 14 THz (for 
the unshaped pulse). As shown in Fig. 5.9 (b), when the spectrum block is located at
778.7 nm, 99.4% of the population is transferred to the final state. The time evolution 
of the populations is shown in Fig. 5.10 for two positions of the spectral block: at
778.7 nm (maximum enhancement) and at 780.4 nm (zero population). Because of 
the strong reduction in the pulse intensity due to the removal of more than 50% of 
the spectrum, the Rabi oscillations are much weaker, compared to those in Fig. 5.6. 
Clearly, the Rabi oscillations are shifted in phase for different position of the spec­
trum block, both for the 5p3/ 2 and 5pi/ 2 states. Changing the population balance 
by reducing the strength to the 5pi/ 2 level, as was done before, has a small influence 
on the population in the final state as well as in the 5p3/ 2 state (see Fig. 5.11). As 
in the previous calculations, the changes in the population dynamics are consistent 
with the changes in the phases of the states. The evolution of the phases of the final 
and intermediate levels is shown in Fig. 5.12. Also in this case the phase of the 5p3/2 
level is shifted by n for two different positions of the spectrum block, what explains 
the out-of-phase behavior of Rabi oscillations both in Fig. 5.10 and Fig. 5.11. The
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Figure 5.10: Calculated populations as a function of time for the conditions of Fig. 
5.9. (a) Spectrum block is positioned at 778.7 nm where the maximum of enhancement 
is observed. (b) Spectrum block is positioned at 780.4 nm. (c) calculated phases of 
electric field of the laser pulse. Solid lines - spectrum block at 778.7 nm, dashed lines 
- at 780.4 nm
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Figure 5.11: Calculated populations as a function of time for the conditions as in Fig. 
5.9. (a). The strength of the 5s - 5p1/2 transition is reduced by 90%. (a) Spectrum 
block is positioned at 778.7 nm where the maximum of enhancement is observed. (b) 
Spectrum block is positioned at 780.4 nm.
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Figure 5.12: Calculated phases of the intermediate (5p3/2) and final states as a 
function of time for the conditions as in Figs. 5.10 and 5.11. The phases in the final 
and intermediate states are relative to the intermediate and ground states respectively.
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difference in phases in the final state, in the case of the spectral block at 778.7 nm 
for the 5p i /2 level included or removed, occurs after the same time (50fs), when the 
difference in population dynamics occurs (compare Figs. 5.10 (a) and 5.11 (a)).
In our calculations there is no difference in the phase in the intense part of the 
laser pulse (see 5.10 (c)), as was also observed in the previous experiment. Here 
we expect a similar origin of the population transfer. With the parameters used in 
the calculations, the intensity of the excitation pulse is much smaller, than in the 
previous experiment, hence, providing smaller energy shifts in the intermediate level. 
However, the effective central frequency is much closer to the resonant transition to 
the final level too, and the resonant conditions are fulfilled.
5.5 C onclusions and outlook
In conclusion, we have demonstrated an enhancement of the population transfer in 
Rubidium during a two photon excitation in a strong field. The enhancement is 
achieved by using the pretransient in the excitation pulse, obtained by amplitude 
shaping. The underlying physical mechanism in the proposed control scheme can be 
described as manipulation of the initial phase of the Rabi oscillations by creating a 
specific phase and population distribution in the system before the Rabi oscillations 
start. In the experiment 70% of the population could be created in the final state, 
while with additional variation of parameters, calculations predict complete popula­
tion inversion. Our results show that utilizing stationary resonant conditions can be 
effective in manipulating the excitation also in a strong-field regime.
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Summary
The research, presented in this thesis, is devoted to the interaction of coherent light 
with atoms. The main line throughout the manuscript concerns the optical control of 
angular momentum in rubidium atoms. The transfer of the angular momentum from 
light to atoms was studied using the techniques of coherent control. New phenomena 
of angular momentum transfer are discussed, that were experimentally observed dur­
ing the interaction of a shaped 100fs laser pulse with rubidium atoms. The origin of 
these phenomena is the coherence of the interaction and interference in the excitation 
paths, typical examples of quantum behavior of matter.
Coherent control techniques are a versatile tool to study the interaction of a laser 
pulse with a system. The broad spectrum of femtosecond laser pulses provides the 
possibility to coherently control the interaction. Manipulation of the phase, amplitude 
and polarization of the frequency components in the excitation laser pulse allows 
detailed and non-classical control over the excitation. In our research coherent control 
techniques have been used to study the role of interference and coherence in the 
angular momentum transfer. In chapters 1 and 2 the reader gets acquainted with 
the problem of the angular momentum transfer and the main principles of coherent 
control.
The interactions discussed in the thesis have a two-photon and a one-photon char­
acter. During the two-photon resonant excitation in rubidium, asymptotic control of 
angular momentum has been demonstrated. In the one-photon excitation, transient 
control has been demonstrated. Both for the one- and two-photon interaction the 
interference between different excitation paths results in a highly non-linear transfer 
of angular momentum from the laser pulse to the system. Namely, the amount of an­
gular momentum in the excited state can not be represented as a function of angular 
momentum carried by the excitation pulse. In the case of a two-photon excitation it 
was demonstrated that net angular momentum can be transferred to the final state by 
using a polarization shaped laser pulse, of which all frequencies are linearly polarized
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and consequently the total angular momentum is zero (these results are discussed in 
Chapter 3).
The realization of the experiment for the real-time study of transient transfer 
of angular momentum (on a time-scale of 1 0 0 fs) comprised a combination of pulse 
shaping, pump-probe experiment and velocity map imaging (VMI) of photoelectrons. 
Such experimental combination allows one to probe in real-time the electronic wave- 
function in the excited state and to reconstruct the angular momentum as a function 
of time during the excitation by a laser pulse of complex polarization. In these studies 
we addressed the question about the role of the off-resonant spectral contribution in 
the angular momentum dynamics in a resonant one-photon excitation. The results 
demonstrate a highly non-linear character of the angular momentum transfer. The 
feasibility of ultrafast control of magnetization using polarization shaped laser pulses 
is also discussed: we found that magnetization can follow orbital momentum (Chapter
4).
The last part of the thesis is focused on the control of the excitation in strong 
laser fields. Again, as a model the three-level system of rubidium atoms was used. 
These experiments aimed at finding a simple approach to enhance population transfer 
to the final state, and ideally, to obtain population inversion. The idea beyond this 
experiment was to exploit excitation of the first resonant transition, advancing the 
strong-field part of the pulse to control the phase and direction of the Rabi oscilla­
tions and the resulting population distribution among the states. To affect the first 
resonant transition, pre-transients of the laser pulse were used, created by using the 
simplest amplitude-shaping. Generally, our results demonstrate the potential of em­
ploying near-resonantly shaped laser pulses to control the population transfer. The 
experimental results have shown 70% population transfer to the final state. At condi­
tions beyond the reach of our experimental settings, calculations predict a complete 
population inversion (Chapter 5).
In the perspective of current developments of information processing technology, 
the ultrafast control of the magnetic state of matter via manipulation of spin states 
by laser pulses has great potential. Control of the angular momentum transfer is an 
important issue in the ambition to achieve optical control of spins. The present work 
was aimed at exploring and understanding of the mechanisms of angular momentum 
transfer, and consequently may help in the further development of this potential new 
technology.
Samenvatting
Dit proefschrift beschrijft onderzoek over de gevolgen van de interactie van coherent 
licht met atomen, met het element rubidium als modelsysteem. De rode draad door 
het manuscript is de optische controle van het impulsmoment; hoe kunnen we de over­
dracht van impulsmoment van licht naar atomen beïnvloeden via de eigenschappen 
van ultrasnelle optische pulsen. De gebruikte technieken worden samengevat onder de 
noemer ”coherente controle” . Ik beschrijf in dit proefschrift enkele nieuwe fenomenen 
op het gebied van impulsmomentoverdracht. De experimenten combineren de vorming 
van speciaal vervormde ultrasnelle laserpulsen met behulp van een ”pulsvervormer” 
met het waarnemen van de bevolking van specifieke toestanden in rubidium atomen. 
Alle waargenomen fenomenen vinden hun oorsprong in de coherentie van de interactie 
en in de interferentie tussen verschillende paden in de excitatie, een typische quantum 
eigenschap van de natuur.
Coherente controle technieken vormen een veelzijdig instrument voor de manip­
ulatie van de interactie van een laserpuls met een systeem. Het relatief brede fre­
quentiespectrum van een ultrasnelle femtoseconde laserpuls biedt de mogelijkheid om 
zo’n interactie op een coherente, niet klassieke manier, te controleren door de fase, 
amplitude en polarisatie van de individuele frequenties onafhankelijk te manipuleren. 
In mijn onderzoek is het vervormen van ultrasnelle laserpulsen gebruikt om de rol van 
interferentie en coherentie bij de overdracht van impulsmoment te bestuderen. Hoofd­
stukken 1 en 2 introduceren het probleem en leggen de rol uit van impulsmoment in 
de atoomfysica en de belangrijkste experimentele aspecten horende bij coherente con­
trole.
De processen, waarbij de controle wordt bestudeerd in dit proefschrift, hebben 
een eenfoton of een tweefoton karakter. De mogelijkheid om de asymptotische waarde 
van het impulsmoment te controleren, wordt aangetoond in de tweefoton excitatie 
van rubidium, terwijl controle van impulsmoment tijdens de puls wordt aangetoond 
in eenfoton excitaties. Zowel voor het een - als tweefoton geval zorgen interferen-
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ties tussen verschillende excitatie paden voor een sterk niet-lineaire overdracht van 
impulsmoment tussen licht en atomen. Het verrassende resultaat is het feit dat de 
hoeveelheid impulsmoment in de aangeslagen toestand niet eenvoudig gerelateerd is 
aan het totale impulsmoment in de excitatie puls. Een ultrasnelle puls waarvan alle 
frequentiecomponenten lineair gepolariseerd zijn, kan in een tweefoton excitatie pro­
ces toch netto impulsmoment overbrengen. Deze schijnbare overtreding van een be- 
houdswet kan begrepen worden door rekening te houden met het sequentiïele aspect 
van de tweefotonexcitatie. De resultaten van dit onderzoek staan samengevat in 
Hoofdstuk 3.
In Hoofdstuk 4 is de excitatie met een ultrasnelle vervormde ”pomp”-puls gecom­
bineerd met de excitatie door een bandbreedte begrensde ”sondeer”-puls, waardoor 
gedurende de ”pomp”-puls onderzocht kan worden hoe het impulsmoment in de 
rubidiumatomen verandert. Hiertoe is het experiment uitgebreid met de techniek 
van ”velocity-map imaging”, waarbij de snelheids- en hoekverdelingen van de vrij 
gemaakte elektronen vastgelegd worden. Uit de hoekverdelingen kan de grootte en 
de richting van het impulsmoment van de rubidiumatomen exact worden gerecon­
strueerd. In deze experimenten heb ik vooral gekeken naar de rol van de niet-resonante 
frequenties in de overdracht van impulsmoment. Ik laat zien dat de overdracht 
van impulsmoment een zeer niet-lineair proces is onder deze omstandigheden. De 
waargenomen effecten in rubidiumatomen kunnen gegeneraliseerd worden naar het 
proces van impulsmoment overdracht bij het ultrasnel schakelen van magnetisatie 
voor bijvoorbeeld dataopslag.
In het laatste deel van dit proefschrift voer ik de intensiteit van de laserstraling 
op, zodat het effect bestudeerd kan worden van het gebruiken van pulsvervorming van 
ultrasnelle pulsen in de limiet van sterke stralingsvelden, gedefinieerd als de intensiteit 
waarbij zogenoemde Rabi- oscillaties optreden. Wederom is gebruikgemaakt van ru­
bidium waarbij het resultaat van de interactie van intense pulsen bekeken werd via 
het meten van fluorescentie. Het onderliggende doel van deze experimenten was het 
verkrijgen van volledige inversie in het rubidium drie-niveau systeem. Kortgezegd, ik 
wilde de hoge intensiteit van de puls gebruiken om de fase van de Rabi-oscillatie te 
manipuleren. Met behulp van het uitschakelen van specifieke frequenties kunnen juist 
transients gemaakt worden voor en na het intense gedeelte van de puls, die in combi­
natie met de fase van de Rabi-oscillatie juist zorgdragen voor een maximale excitatie. 
De eerste resonantie wordt vooral door de transient voorafgaand aan de snelle puls 
beïnvloed, de tweede resonantie door de transient na de snelle puls. Hoewel experi­
menteel een excitatiegraad van ongeveer 70% werd bereikt, suggereren berekeningen 
dat met kleine modificaties een volledige inversie tot de mogelijkheden behoort. De 
resultaten van dit werk zijn beschreven in Hoofdstuk 5.
Veel werk in onze afdeling betreft het ontwikkelen van nieuwe technieken voor 
datamanipulatie en dataopslag. Ultrasnelle optische manipulatie van magnetische in­
formatie via de spin-toestand van magnetische materialen heeft een grote toekomst.
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Hoewel er al successen zijn geboekt en in verschillende systemen volledige magnetisatie- 
inversie bereikt is, is het inzicht in de fundamentele processen tijdens de optische 
excitatie nog onvoldoende. Het onderzoek beschreven in dit proefschrift is uitgevoerd 
om in een vereenvoudigde omgeving de controlemechanismes van impulsmomentover- 
dracht tussen licht en materie an het licht te brengen. De toekomst moet vaststellen 
of dit werk een bijdrage zal hebben geleverd bij het realisren van een praktische 
toepassing.
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